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GENERAL INTRODUCTION 
Supported catalysts 
Highly dispersed transition metal catalysts are used in niunerous 
commercial processes such as hydrocarbon conversions. For example, the use 
of Pt supported on acidic alumina or silica-alumina for reforming of naphtha in 
the production of gasoline is well known [1]. Another use of supported 
catalysts is in automobile emission control where supported Pt-Rh bimetallic 
catalysts are used. Supported Ru can be used in Fischer-Tropsch synthesis 
for the production of higher hydrocarbons from synthesis gas [1]. While many 
of these catalyst systems have been in commercial operation for several 
decades there is still a lack of consensus regarding the exact role of the 
catalyst on a molecular level. In particular, little is known about the 
mechanisms operating on the catalyst surface at the high pressure and high 
temperature conditions typically used in commercial operations. Furthermore, 
reUable information on the energetics and kinetics of processes at high 
pressures is lacking. A significant proportion of the high pressure 
thermodynamic data has been obtained by extrapolation of results obtained 
from "surface science" studies where single crystal metals are studied in high 
and vdtra-high vacuum. While these surface science studies have provided 
valuable insight into the mechanisms operating on single crystals at low 
pressures [2], they do not account for phenomena, like mobility on the metal 
and spillover to the support, which may play a significant role on supported 
catalysts, particularly at high pressures [3]. 
An example of one such catalytic phenomena which continues to be an 
enigma to researchers in this field is the role of alkali promoters in Fischer-
Tropsch synthesis. It has been found that adding alkali promoters to Fischer-
Tropsch synthesis catalysts produces heavier hydrocarbons while reducing the 
rate of the reaction [1]. Though the role of alkali promoters has been 
investigated using numerous surface science techniques [5] there is stiU no 
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agreement regarding the exact mechanism by which alkali produce these 
effects. The important theories proposed to explain the role of alkali 
promoters include electronic effects, site blocking, chemical interactions 
between alkah and adsorbates, alkali induced surface restructuring, and 
reduced mobility of reactants in the presence of alkali (for example, see [5] and 
references therein). To date most of the studies on Fischer Tropsch synthesis 
have focused upon the interaction between the alkali and CO. There have 
been few studies of the influence of alkah on the amounts and energetics of 
hydrogen chemisorption, especially at high pressures. Thus, in this work, 
discussed in Chapter 1, the energetics and extents of hydrogen chemisorption 
on Ru/Si02 and K/Ru/Si02 were investigated to elucidate the influence of the 
fllTcali promoter. A home-built microcalorimeter was used to investigate the 
thermodynamics of hydrogen chemisorption. 
In order to imderstand the role of alkali promoters, the model Ru-Ag 
bimetallic catalysts were also investigated because Ag, relative to K, is inert. 
Further, Ag selectively blocks sites on the catalyst surface [6]. Thus, it was 
proposed that the theory of site blocking, proposed to explain the role of alkali 
promotes, could be investigated in detail. 
Other elements are also added to the supported transition metal 
catalyst to improve the stability and/or selectivity of the catalyst. If the second 
element added is Ag or Cu then model catalysts are produced. Such model 
bimetallic systems are relatively simple to study [7] and contribute to the 
understanding of catal5^ic processes, particularly the role of surface structure 
on reactivity. To date there have been no fundamental investigations of the 
energetics and nature of hydrogen chemisorbed on these catalysts at high 
pressures. It was proposed that these characterization studies would elucidate 
the influence of catalyst structure on hydrogen chemisorption. At low 
concentrations Ag and Cu preferentially occupies edges, corners and other low 
metal coordination sites [6]. An important difference between Ag and Cu is 
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that the former does not accommodate hydrogen which is a common probe 
used to characterize supported metal catalysts. In Chapter 2 the study of 
hydrogen chemisorption on silica supported Ru-Ag, Ru-Cu and Ru is 
presented. 
Hydrogen chemisorption on transition metals has been extensively 
investigated by numerous workers [5,8,9,15,16 and references therein]. 
However, there have been few studies to investigate the hydrogen 
chemisorption behavior of supported Group VIII catalysts at high pressures. 
In Chapter 3 the energetics of hydrogen chemisorption on Ru/Si02, Rh/Si02 
and Pt/Si02 was investigated to probe the nature of the hydrogen adsorbed on 
these catalysts. The resvdts were used to vmderstand the different behaviors of 
these catalysts in various catalytic reactions. 
Microcalorimetry of hydrogen on supported metal catalysts 
The design of'better' catalysts demands an imderstanding of the role of 
catalyst surface as well as its interaction with the reactants of interest. 
Numerous experimental techniques are used to characterize this interaction. 
Some techniques probe the bulk of the catalyst while others are sensitive 
enough to investigate the surface characteristics. The advantages and 
disadvantages as weU as the applications of the techniques are extensively 
discussed in the literature [8-10]. The experimental work is complemented 
with theoretical studies particularly with respect to understanding the 
energetics and thermodynamics of the fundamental processes occurring on the 
catalyst surface. In this work microcalorimetry was used to experimentally 
determine the heats of adsorption. 
Heats of adsorption have been measured since Dewar determined the 
heats of adsorption of oxygen, nitrogen and hydrogen on graphite at low 
temperature in 1904 [11]. In spite of the importance of heats of adsorption in 
characterizing and understanding catalytic processes there have been few 
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studies to detennine the energetics of adsorption at high temperatiires and 
pressures. Furthermore, there is little agreement between the heats 
determined by different research groups [12]. There has been a resurgence of 
interest in using calorimetry as a characterization technique with the 
development of modem high temperature calorimeters and transducers in the 
1980's. One such high temperature transducer was used to construct the 
isoperibol, differential heat-flux microcalorimeter of the Tian-Calvet design 
used in the present work. The calorimeter is based on the design of Handy et 
al. [13]. For further details regarding the highly specialized field of 
calorimetry the reader is referred to reference [14]. In calorimetry both the 
amounts adsorbed and the heat evolved during the adsorption process are 
measured simultaneously. The objective of the present work is to use 
microcalorimetry as a tool to investigate catalytic processes. 
Heterogeneous catalysis involves the chemisorption of at least one 
reactant, through bond formation with the atoms on the catalyst svu:face. A 
characteristic quantity of heat, called the heat of adsorption, is released during 
the chemisorption process. Factors which may influence heats of adsorption 
include the chemical nature of the gas and metal catalyst investigated, the 
amount of adsorbate present on the catalyst surface (coverage), temperature 
and pressure of adsorption, the size of the catalyst particles, the presence of 
additives, the nature of the support and the method used for heat 
determination. 
Since both surface atoms and the adsorbate are involved in the bond 
formation process the heat of adsorption depends on the chemical nature of the 
catalyst surface and the adsorbing molecule. Thus, the heat of adsorption can 
give information on the changes resulting in the catalyst surface as well as the 
adsorbing gas, as a residt of the adsorption process [2]. A comparison of the 
heats of adsorption of a given reactant on different catalysts can give 
information or clues regarding processes which might occur due to changes in 
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catalyst structxire and/or composition. For example, in the present study (see 
Chapter 1), it was concluded that there was no electronic effects on addition of 
alkali promoters because the initial heats of hydrogen adsorption were similar 
on Ru/Si02 and K/Ru/SiOa-
Dissertation organization 
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format suitable for publication in a technical journal. They represent original 
work carried out by the author. In Chapter 1 the work investigating the 
influence of K promoter on hydrogen chemisorption on Ru/Si02 is presented. 
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CHAPTER 1. THE EFFECT OF K ON THE KINETICS AND 
THERMODYNAMICS OF HYDROGEN ADSORPTION ON Ru/SiOa 
A paper to be submitted to the Journal of Catalysis 
R. L. Narayan, N. Savargaonkar, M. Pruski and. T. S. King 
Department of Chemical Engineering and Ames Laboratory 
Iowa State University, Ames, lA 50011 
Abstract 
Microcalorimetry and NMR spectroscopy were used to elucidate the 
effect of the promoter potassium on the hydrogen chemisorption behavior of 
Ru/Si02 catalysts. It was found the presence of K greatly reduced the amount 
of hydrogen adsorbed per sxirface Ru atom. The reduction of hydrogen 
occurred through the loss of hydrogen in intermediate and weak adsorption 
states (<80 kJ/mol). The amount of hydrogen in the higher adsorption energy 
states (>80 kJ/mol) was unaffected. Comparison of adsorption isotherms 
generated via NMR and the volumetric technique indicated a significant 
amoimt of hydrogen spillover firom the Ru metal to the silica support in the 
Rii/Si02 catalyst. Addition of potassium significantly reduced spillover 
because K blocked silica sites which accommodated spillover hydrogen and 
because the populations of more weakly bound hydrogen on the metal was 
reduced. It was noted that the initial heats of hydrogen adsorption were 
nearly the same on K/Ru/SiOa and Ru/Si02 catalysts suggesting that K did 
not alter the electronic environment of the Ru, i.e., no electronic effects were 
observed. Selective excitation NMR experiments demonstrated that the rates 
of hydrogen adsorption and desorption on the Ru surface were significantly 
lower in the presence of K. 
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Introduction 
Alkali promoters are known to modify the catalytic behavior (selectivity 
and reactivity) of supported metal catalysts[l-5]. While there is agreement that 
these effects are general and can occur with a variety of metals and reactions, 
there is stUl controversy regarding the exact mechanism by which alkah exert 
their influence [6]. Some of the explanations which have been proposed for the 
role of alkali promoters include blocking of chemisorption sites, changes in the 
electron density at the surface of the metal, direct chemical interactions between 
the adsorbate and the promoter, through-space interactions (electrostatic in 
nature), and alkali induced surface reconstruction [6]. 
To date most of the proposed explanations of alkah promotion have been 
based on observations obtained from fundamental studies of alkali promoted 
single crystal surfaces under ultra high vacuum (UHV) conditions. In most of 
these studies it was implicitly assumed that the results could be extrapolated to 
the typical operating conditions of supported metal catalysts. While it is true 
that low pressure studies have contributed immensely to ovir imderstanding of 
the role of alkali promoters, such extrapolations should be done with caution. 
Additional factors, such as surface heterogeneity, nature of the support, spillover 
from the metal to the support and state of the alkali can play a significant role. 
For example, most of the studies of hydrogen interaction with alkali promoted 
single crystals used metallic aUcaU species [7,8]. However, under typical 
industrial operating conditions the alkah promoter exists as alkali cations (M"^, M 
= Cs, K, Na etc.) in compounds [9]. Alkah cations have a much lower tendency to 
donate electrons than the metaUic state does. Hence, even though the results 
obtained in studies of the effect of alkah on single crystal svirfaces are 
interesting, the direct connection to the catalytic behavior of supported meted 
catalysts is not always straight forward. The purpose of the work presented here 
was to investigate the influence of alkah promoters on the hydrogen 
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chemisorption energetics and kinetics on silica supported Ru catalysts under 
hydrogen pressures up to one atmosphere. 
In this study microcalorimetry was combined with proton nuclear magnetic 
resonance (^H NMR) spectroscopy to study how the presence of the promoter 
potassium influences hydrogen adsorption on Ru/Si02 catalysts. NMR 
provides quantitative information regarding amounts of hydrogen adsorbed and 
also gives the rates of adsorption and desorption of the adsorbate [10]. A major 
advantage of NMR is that it is a quantitative, surface sensitive technique 
which can determine the amount of hydrogen on the metal and on the support 
separately, and as a function of temperature and pressure [9]. In our laboratory 
hydrogen pressures as high as one atmosphere were employed in the in situ 
NMR experiments, allowing study of catalysts closer to industrial operating 
conditions. Microcalorimetry provides valuable information regarding heats of 
adsorption of various states of adsorbed hydrogen and is useful in understanding 
the energetics of hydrogen adsorption on these catal5^ic surfaces. 
Specifically, the energetics and kinetics of hydrogen adsorption on 
Ru/Si02 and a series of K/Ru/Si02 catalysts with varying K content were 
investigated. The differential heats of hydrogen adsorption for various hydrogen 
coverages were determined using microcalorimetry. In situ iH NMR studies on 
the same catalysts enabled quantification of the amounts of hydrogen directly 
associated with the Ru metal and also provided the rate constants for adsorption 
and desorption and sticking coefficients. The effect of K on the thermodynamic 
and kinetics of hydrogen adsorption on Ru/Si02 were compared and contrasted 
with the existing theories of alkaH promotion. 
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Methods 
Catalyst preparation 
All the supported catalysts studied had a Ru composition equal to 4% by 
weight of the total (Ru+SiOa) content. A 4% Ru/SiOa was prepared from a 1.5% 
ruthenivun nitrosyl nitrate solution (Strem Chemicals) using the incipient 
wetness impregnation method. A slurry was prepared by impregnating silica 
(Cab-O-Sil, 300 m^/g) with an appropriate amount of solution. This slurry was 
dried overnight at room temperature and then at 383 K for two hoxirs. It was 
then reduced in flowing hydrogen at 648 K. The K/Ru/SiOa catalysts were 
prepared by coimpregnation of KNO3 with the ruthenium nitrosyl nitrate 
solution. The K contents are reported as weight % of the total metal (Ru+K) 
content. The Ru/SiOa catalyst was washed 8 to 10 times with 60 ml of hot 
deionized water to eliminate Na and CI contamination. It should be noted that 
the K promoted catalysts prepared by coimpregnation were not washed because 
the K salt was soluble in the water used for washing. However, earlier studies 
showed that the hydrogen chemisorption behavior was similar on coimpregnated 
catalysts and on catalysts prepared by sequential impregnation in which the K is 
introduced on the washed Ru/Si02 catalysts [9]. 
Dispersion measurements 
The dispersions of the K/Ru/Si02 catalysts were obtained by selective 
hydrogen chemisorption using a home built adsorption apparatus described 
elsewhere [11]. The optimized volumetric technique described by Uner et al. was 
used for the dispersion measurements [12]. About 1 g of the catalyst was placed 
in a Pyrex sample cell with a coarse frit to enable reduction in flowing hydrogen. 
Moisture was removed by heating for 30 minutes at about 400 K with helium gas 
flowing through the cell. The catalysts were then reduced in flowing hydrogen 
for 4 hours at a temperature between 673 and 723 K, and then evacuated for 4 
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hours at the temperature of reduction. Total hydrogen uptake measurements at 
335 K were made by exposing the catalyst to progressively higher pressures 
between 10 and 40 Torr and allowing to equihbrate for 10 to 15 minutes. At 
least four data points were obtained for all isotherms. The catalyst was then 
evacuated at lO*® Torr for 10 minutes to remove the weakly bound hydrogen. 
Subsequently, a second isotherm, corresponding to weak or reversible adsorption, 
was obtained using the same procedure. The Hnear portions of the total and 
reversible isotherms were extrapolated to zero pressure and the difference 
between the intercepts was taken as a measxire of strongly bound hydrogen. This 
strongly bound hydrogen was used to calculate the dispersion of the catalysts. 
The dispersions of the various catalysts are given in Table 1. NMR was also 
used to determine metal dispersions of two of the catalyst and these values are in 
general agreement with the volumetric method. 
Microcalorimetry 
A home built Tian Calvet differential heat flux microcalorimeter based 
on the design of Handy et al. [13] was used in this work. Each catalyst sample 
was loaded in a thin walled pyrex NMR tube (Wilmad Glass Co.) and connected 
to a stainless steel volumetric system with greaseless fittings. Static reduction 
of the catalyst was carried out in situ with the hydrogen replenished every 30 
minutes, followed by evacuation at the reduction temperature for a period of 
time equal to the total time of reduction. The samples were allowed to 
thermally equilibrate overnight in the calorimeter at 400 K. Differential heats 
of adsorption were measured at 400 K to ensure that adsorbed hydrogen had 
sufficient mobility to probe the energetics of the entire sample surface (14). 
This strategy is justified by previous NMR studies which that indicated that 
adsorbed hydrogen is highly mobile on Ru at this temperature (10,15). 
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mNMR 
The NMR experiments employed a home-built spectrometer with a 
proton resonance frequency of 250 MHz. The measurements were done using 
a home-built in situ NMR probe connected to a vacuum/dosing manifold which 
allowed for easy control of hydrogen pressure and temperatvire during the 
measurements. AU the catalysts were reduced at 673 K for 2 hours in the 
NMR probe with hydrogen gas being replenished every 30 minutes. Before 
recording the NMR spectra, hydrogen was dosed onto the sample and 
equihbrated for 10 minutes. All spectra were recorded either at a temperature 
of 304 (± 1 K) or 400 (± 1 K) with a repetition time of 0.5 s. Selective excitation 
experiments were done using a delays alternating with nutations for tailored 
excitation (DANTE) pulse sequence consisting of 30 short pulses. A pidse 
separation of 20 (as was chosen resulting in a total duration of the DANTE 
sequence of 600 |is and corresponding spectral excitation width of «= 1.7 kHz. 
The overall flip angle of the DANTE sequence was adjusted by varying the 
width of the short pulses while the rf amplitude remained constant. After a 
recovery period of 20 jis, a final 90° pulse was appUed followed by the detection 
of the fi:ee induction decay. 
Results 
Microcalorimetry 
The differential heats of adsorption were determined as a function of 
coverage expressed in terms of H atoms adsorbed per surface Ru metal atom, 
H/Rusurface. The amount of Rusurface was taken fi-om the catalyst dispersion 
assuming no hydrogen adsorbed on the potassium species present [9]. Note 
that the amounts of adsorbed hydrogen measured during microcalorimetry 
includes hydrogen spillover to the support. 
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The differential heats of hydrogen adsorption on the pure Ru/Si02 
catalyst are compared with a series of K promoted catalysts in Figure 1. The 
catalyst with 66 atomic % K was not shown because it exhibited a differential 
heat curve very similar to the catalyst with 50 atomic % K. All catalysts 
investigated displayed similar initial heats of approximately 90 kJ/mole. The 
differential heat curves for the promoted catalysts revealed a decrease in heats 
of adsorption with increasing hydrogen coverage. It was also observed that 
addition of more than 33 atomic % K eliminated weakly bound states and states 
of intermediate strength. 
Histograms of the amount of hydrogen adsorbed within specific ranges of 
differential heats, called site distributions, are given in Figure 2. The site 
distributions for the K promoted catalysts are compared with the distribution 
for Ru/SiOa. These histograms were obtained with a method described by 
Cortright and Dumesic [16]. Addition of K promoter did not significantly alter 
the number of sites with adsorption enthalpies greater than 80 kJ/mole. 
Addition of small amoimts of K significantly depopulated sites with heats of 
adsorption between 30 and 60 kJ/mole. Addition of 33 and higher atomic % K 
caused a very significant decline in the amounts of hydrogen adsorbed for all 
ranges of differential heats less than 80 kJ/mole. 
JHNMR 
An unpromoted 4% Ru/Si02 catalyst and two K/Ru/Si02 catalysts with 6 
and 66 atomic % K were investigated via NMR. Two peaks are seen in the 
NMR spectra for the Rxi/Si02 catalysts with 6 and 66 atomic % K in Figure 3. 
The spectra were obtained at 304 K and 7 Torr. The downfield peak at around 
3 ppm was due to diamagnetic species and corresponded to hydroxyl groups of 
the silica support and spillover hydrogen residing on the support [5, 12]. The 
upfield peak corresponded to hydrogen on Ru surface and exhibited large 
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Knight shifts due to interaction of the proton spins with the conduction 
electrons of the metal [11]. 
The hydrogen to surface ruthenium ratios (H/Rusurfece), determined from 
NMR spectra taken at 400 K, are plotted as a function of pressure in Figure 4. 
The H/Rusurface ratio decreased with addition of K to Ru/Si02. It was also 
observed that the H/Rusurface ratio increased sUghtly with increasing hydrogen 
pressure for the catalyst with 6% K but remained nearly constant for the 
catalyst with 66% K. Under the conditions of the NMR experiment the H-on-
metal intensity was a result of fast exchange of hydrogen on the metal and the 
gas phase [10,15,17,18]. The ratios reported in Figure 4 were obtained by 
subtracting the contribution due to gas phase hydrogen. 
The selective excitation experiments 3delded information regarding 
kinetics of hydrogen adsorption and desorption via a method reported by 
Engelke et al. [10,15]. As noted in Figiire 3a, the catalyst with 6 at. % K did 
not display selective popvdation inversion at 7 Torr H2. The NMR line was 
saturated indicating it was homogeneously broadened. This result 
corresponded to fast interparticle motion of hydrogen on the catalyst surface. 
Furthermore, fast exchange between the hydrogen adsorbed on the catalyst 
and the gas phase was indicated by the change in the ICnight shift from -65 
ppm to -30 ppm as the pressxire was increased from 7 Torr to 760 Torr. The 
pressure dependence of the Knight shift is displayed in Figure 5. 
In contrast, as shown in Figxxre 3b, selective inversion of a narrow 
frequency band was achieved for the H-on-Ru resonance of the catalyst with 66 
at. % K at 7 Torr H2. This imphed that the NMR line was inhomogeneously 
broadened and that interparticle motion of hydrogen, i.e., adsorption and 
desorption, was restricted on this catalyst [10,15]. This also indicated that the 
hydrogen on the Ru surface did not exchange with gas phase hydrogen. This 
conclusion was further supported by the observation in Figure 5 that the 
Knight shift was constant with pressure in the range between from 7 and 760 
15 
Torr. In fact, at higher pressures a narrow gas phase peak superimposed on 
the silanol peak was noticed near zero ppm for the catalyst with 66 atomic % 
K. 
When the NMR line due to hydrogen-on-metal is inhomogeneously 
broadened the exchange parameter, kex, for intraparticle motion of hydrogen on 
a Ru particle can be obtained by a comparison of experimental spectra with 
simidated spectra [10,15]. The rate constant for desorption, kd, can be obtained 
from this exchange parameter. In Table 2 the results for kex and kdes are given. 
The desorption rate constant for 4% Ru/Si02 was about 30 times larger than 
the rate constant for the catalyst with 66 atomic % K. 
NMR and calorimetry 
In Figure 6 the differential heats of adsorption and the amovmt of 
hydrogen adsorbed (H/Rusurface)are plotted as a function of pressure for the 4% 
Ru/Si02 and 6%K/Ru/Si02 catalysts. The H/Rusurface ratio obtained by the 
volumetric method measured the total hydrogen uptake, including spillover, 
while the H/Rusurface ratio determined by NMR was a measure of the hydrogen 
on Ru metal only. It was observed that at a given pressure H/Rusurface 
determined by the volumetric technique exceeded that obtained by NMR. 
Furthermore, addition of K reduced the H/Rusurface ratio obtained by both 
techniques. The decrease in H/Rusurface ratio obtained from NMR suggested 
that for a given pressure, addition of K reduced the stoichiometry of hydrogen 
associated with Ru metal at the surface. The. accompanying reduction in the 
H/Rusurface ratio obtained by using volumetric chemisorption was much greater 
than the decrease measured by NMR. 
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Discussion 
The results presented in this work clearly indicate that K promotion alters 
the overall hydrogen adsorption properties of Ru catalysts. Specific 
observations noted in our results are: (a) The initial heats of hydrogen 
adsorption and the amount of hydrogen strongly bound to Ru are not modified 
by the presence of K. (b) The amount of hydrogen per siirface Ru atom in 
intermediate and weak binding states is significantly reduced in the presence of 
K. (c) The amount of hydrogen spillover to the support is reduced by K. And 
(d), the rates of adsorption and desorption of hydrogen on Ru are reduced by the 
K promoter. These points are discussed below. 
Initial heats of Hs adsorption on Ru/SiOs and K/Ru/Si02 
From Figures 1 and 6 it was noted that at low coverages the differential 
heats of H2 adsorption were similar on the K promoted and unpromoted 
Rii/Si02 catalysts. The initial heat was between 85-90 kJ/mole (error is +/- 5 
kj/mole) compared with previously reported values of 80 [19] and 120 kJ/mole 
[20] observed for hydrogen adsorption on Ru[0001] single crystals. A similar 
result was reported by Cortright and Dumesic [21] who observed that addition 
of K promoter to Pt/Si02 did not change the initial heats of hydrogen 
adsorption. The similarity of the initial heats of adsorption suggests the 
absence of effects that directly alter the chemisorptive bond or chemisorption 
site. Possible mechanisms by which the chemisorptive bond or stirface site on 
the promoted catalyst can be modified include electronic effects, ensemble 
effects, or surface segregation induced structure sensitivity. For example, the 
last item refers to the possibility that K populates edge, corner and other low 
metal coordination sites [22], and thus hydrogen may be blocked from those 
adsorption sites in the promoted catalysts. If those sites were associated with 
high binding energy and if the adsorbed hydrogen was relatively immobile. 
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then one would expect that the initial heats of adsorption would be altered on 
the promoted catalysts. On our systems, however, we know from ^ H NMR 
that adsorbed hydrogen is mobile on individual metal particles [15], and under 
the conditions of our experiments hydrogen samples all available adsorption 
sites. Hence, any decrease observed would be an average of all adsorption sites 
sampled by the hydrogen atoms. Since the observed initial heats of adsorption 
were not changed by presumably blocking low metal coordination sites we 
conclude: (i) low coordination sites (predominately edges and corners) do not 
have significantly different heats of adsorption; (ii) too few low coordination 
sites exist to resolve them in the calorimetry. Ensemble effects are not likely 
because K and Ru do not form alloys and, thus, probably do not experience 
micromixing on the surface even though the two elements are in contact. 
A more expected mechanism that could alter initial heats of adsorption 
on the alkah promoted catalysts involves the transfer of electron density from 
K to Ru. This has been postulated in many investigations of alkali promoted 
transition metal single crystals [23]. The premise of this electronic effect 
(sometimes called ligand effect) is that the chemical environment of the 
adsorbing metal is determined by free metal electrons as well as vacant d-
orbitals which can accommodate electrons [24]. The chemisorption process 
involves bonding of the adsorbate through electron transfer and is a function 
of the density of electrons at the catalyst surface (for example see references 
[25] and [26]). The initial heats of adsorption is a measvire of bond strength, 
and since electrons are involved in bonding, any influence of the Group lb 
metal on electron transfer is expected to alter the initial heats of adsorption. 
Prinsloo and Gravelle [27] determined the differential heats of hydrogen 
adsorption on a series of silica supported Ni-Cu catalysts of various 
compositions. They attributed the observed decrease in the initial heats of 
adsorption with increasing Cu amounts to a transfer of electrons from the Cu 
to the vacant d-orbitals of Ni. However, in magnetic studies Ni-Cu alloys 
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with high Cu contents displayed strong paramagnetic behavior ([28] and 
references therein). This result suggested that Ni retained its paramagnetic 
behavior even in the Cu rich environment and no electron transfer occurred 
from Cu to Ni in the alloys. PraUaud et al. [29] observed that heats of 
hydrogen adsorption decreased on addition of K to Ni/Si02. It shoxdd be 
mentioned that the authors obtained the heat of adsorption indirectly from 
kinetic studies assuming that the heat of hydrogen adsorption was not a 
function of coverage. Dry et al. [30] also observed a decrease in the initial 
heats of hydrogen adsorption on iron films and iron oxides on adding K2O but 
the measurements were made at 293 K. Martinez and Dumesic [14] suggest 
that this temperature is too low to accurately probe the catalyst surface. 
The K/Ru/Si02 catalysts of this study were previously investigated using 
iR NMR [31]. No change in the proton Knight shift, a measure of the density of 
bonding states at the Fermi level, was observed with increasing amovmts of K. 
Thus, it was concluded that the density of bonding states at the Fermi surface 
does not change upon addition of K to Ru/SiOa. It should also be highhghted 
that strong electronic interactions of alkali with metal have been suggested in 
single crystal studies where zero valent alkali were used [32]. However, in 
catalysts like the ones used in this study the potassivim is present as a K"^ ion in 
various compounds of potassivun [5 and references therein]. Compared to its 
zero valent state, K"^ is significantly less inclined to donate electrons. 
Comparison of Ru/Si02 and K/Ru/SiOs: Reduction of spillover at high 
pressures 
From Figixre 6 it was seen that addition of even small amounts of K 
reduced the H/Rusurface ratios obtained by both iH NMR and the volumetric 
method. The decrease of the H/Rusurface ratio determined by the volumetric 
method was partially accounted for by reduced amounts of hydrogen residing on 
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the metal (measured via NMR). But not all the decrease in the H/Rusurface 
ratio obtained via the volumetric method, especially at higher pressures, was 
accounted for by the reduction in the hydrogen residing on/or near the Ru 
metal. For example, at around 80 Torr the volumetric H/RiUurface ratio 
decreased from 9, on the pure Ru/Si02, to 4 on the catalyst with 6 atomic % K. 
At the same pressure the NMR H/Rusurface ratios decreased from 2.3 on the 
pure catalyst to about 1.5 on the promoted catalyst. Thus, significant 
discrepancies are observed in the H/Rusurface ratios obtained via NMR and 
the volumetric technique, particularly at high pressures. This difference is no 
doubt due to hydrogen spillover to the support and is discussed in more detail 
below. 
Hydrogen adsorption on pure Ru/Si02, especially at high gas pressures, 
has been extensively investigated in our laboratory using NMR [10,15,17]. 
Bhatia et al. [17] reported H to svirface metal ratios greater than 1.0 for 
pressures exceeding 100 Torr. The weakly botmd hydrogen on the metal was in 
fast exchange with the gas phase and perhaps with the hydrogen spilled over to 
the support. The exact location of the weakly bound hydrogen on the metal was 
not determined. In addition to this weakly bound hydrogen on Ru, 
discrepancies in the uptakes measured via NMR and the volumetric 
technique clearly showed that hydrogen spills over from the Ru particles to the 
silica support, particularly at higher pressures [12]. The amount of hydrogen 
spillover on the support is quite large for the Ru/Si02 system in our studies. 
From the site distribution ( Figxure 2) it was observed that on Ru/Si02 the 
population of sites with intermediate and low heats of adsorption, i.e. 
characterized by energies less than 70 kJ/mol, was high. Hence, it is not 
surprising that the pure Ru catalyst generates considerable spillover (see 
Figure 1) with heats below 10 kJ/mol. The weakly bound hydrogen on the 
metal can spillover to the support without a large energy penalty. Also, 
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hydrogen from, the gas phase quickly replenishes the metal with more weakly 
bound hydrogen. 
In contrast, on the K promoted catalysts the sites displajdng adsorption 
heats less than 70 kJ/mol were significantly depopulated (see Figxire 2). Since 
the intermediate and weakly boimd states have significantly lower amounts of 
hydrogen, there is less weakly boimd hydrogen available for spillover to the 
support in these catalysts. NMR studies of K/Ru/Si02 and Ru/Si02 [9] also 
revealed that on the promoted catalysts, the alkali exchanged with hydroxyls 
in the silica support which can accommodate spillover hydrogen (the silanol 
proton intensity was lower on K/Rxi/SiOa). Thus, the amovmt of spillover was 
probably decreased due to a combination of one or more of the following factors: 
(i) the presence of small amounts of K decreased the quantity of weakly bound 
hydrogen residing on/or near the Ru metal. Thus, less hydrogen was available 
for spillover from the metal to the support, (ii) The K promoter blocked sites on 
the silica support which could have otherwise accommodated spilled over 
hydrogen. 
Comparison of Ru/Si02 and K/Ru/Si02: Reduction in H/Rusurface on 
K/Ru/Si02 
Addition of smaU amounts of K to Ru/Si02 caused a significant 
reduction in the amounts of hydrogen adsorbed on the Ru metal (see Figtu*es 1 
and 6). From Figure 2 it was observed that the reduction in H/Rusurface was 
due to a depopulation of sites with intermediate and low heats of adsorption. 
A similar reduction was observed with addition of Ag to Ru/Si02 [31]. Possible 
explanations for the depopulation of the intermediate and weak sites on the K 
promoted catalysts include: (i) electronic effects, (ii) changes in site geometry 
including blocking of sites, and (iii) altered kinetics of hydrogen adsorption. 
Since electronic effects were not important at low coverages it is improbable 
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that the depopulation can be accounted for by using this explanation at higher 
coverages. 
It is possible that K blocks Ru adsorption sites that can accommodate 
large amounts of hydrogen. In order to account for the large amount of 
hydrogen on the metal these "special" adsorption sites would need to 
accommodate unreasonably high amounts of hydrogen atoms per surface 
metal atom (12 to 20 hydrogen atoms per low metal coordination site in 
catalysts of the dispersion used in our study). Thus, even though K may 
selectively blocked low coordination sites, blocking of sites exhibiting high 
adsorption stoichiometries cannot account for all the depopvilation observed. 
The third possibility is that a kinetic phenomenon controls the amoxint of 
intermediate and weakly bound hydrogen on K/Ru/Si02. Single crystal studies 
of hydrogen adsorption on alkali promoted Ni, Mo, Pt, W and Ru [33 and 
references therein] showed an exponential reduction both in the initial sticking 
coefficient and the amount of hydrogen adsorbed as the K coverage was 
increased. Kiskinova [33] has reviewed the alkali promoted single crystal 
systems and postulated that an important factor could be the diffusion of the H2 
precursor, in order to lose energy and sufficiently interact with the surface 
before dissociation. Thus it is possible that hydrogen surface diffusion is 
constrained in the presence of the alkah additive and this inhibits hydrogen 
dissociation. Further studies with Li, Na and K promoted Al(lOO) [34, 35] 
showed that A1 (100) preserved its capacity for atomic H adsorption but not for 
molecular hydrogen. This result also corroborated the speculation that addition 
of alkali reduced the dissociation channels and/or blocked adsorption sites at 
least on single crystals promoted with atomic alkali. Apart firom influencing 
molecxilar dissociation it is also possible that the addition of alkah promoters 
influenced the kinetics of hydrogen adsorption and desorption in a manner 
outlined below. 
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It is possible that the adsorption process may proceed primarily via 
rapid dissociative adsorption at the edges, corners and other similar sites on 
the Ru svirface in a structiire-sensitive manner. Hydrogen adsorption on 
Rxi/SiOa may be structure sensitive and may occtir more efficiently through 
edges, corners and other low metal coordination sites than on the high 
coordination terrace atoms in much the same way as noted for Pt (36). The 
term coined for this rapid, site-specific adsorption is "portal" mediated 
adsorption (37). It is likely that this process is zero order in hydrogen pressure 
and initially produces weakly bound, highly mobile hydrogen that migrates to 
stronger binding states. Likewise, the desorption process requires two 
hydrogen atoms combining to form the desorbing molecule. The two atoms 
may be both strongly adsorbed (SS), both weakly adsorbed (WW), or a 
combination of weakly and strongly adsorbed species (WS). The relative rates 
of the elementary desorption processes should be WW > WS > SS based solely 
on the energy barriers. 
When the portals are systematically closed, for example, by allowing K (or 
Ag [38]) to distribute to edges and corners, the elementary adsorption process at 
those sites is shut down, but the desorption process still can occur to the extent 
that the populations of surface hydrogen exist. Note that adsorption directly 
onto basal plane facets still occurs but at its intrinsically slower rate (36). 
Hence, the qualitative picture that emerges is that the weakly bound states are 
systematically depopulated due to a reduced adsorption rate coupled with 
desorption favoring the more weakly bounds states. The net result is a metal 
surface with less total hydrogen and an adsorption energy distribution more 
heavily weighted to the higher energy states (Fig. 2). In addition, spill over of 
hydrogen to the support is diminished because httle weakly bound hydrogen on 
the metal is available. Note that in this picture the calorimetry resrdts are not 
trxily at equiUbrium because microscopic, detail balance is not achieved. 
Rather, these experiments probe a stationary state. 
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Influence of Kpromoter on kinetics of adsorption and desorption 
The results obtained from selective excitation experiments, presented in 
Table 2, indicated that the 4% Ru/Si02 and 6% K/Ru/SiOa catalysts displayed 
similar values for the exchange parameter. At a coverage of 0.85 the exchange 
parameter for the catalyst with 66 atomic % K was about 29 times lower than 
the value for pure Ru/Si02. A reduction in hydrogen sticking coefficient was 
also observed on addition of Ag to Ru/SiOa [39]. This was postulated to be due 
to reduction in the rates of hydrogen adsorption and desorption resulting from 
portal sites being preferentially blocked by Ag. 
Implications for catalysis 
Alkah promoters are used in a variety of catalytic reactions such as 
Fischer Tropsch synthesis [1], CO hydrogenation and ammonia production [2]. 
For example, it is known that at constant temperature addition of alkali 
promoter to Fischer Tropsch synthesis catalysts like Fe, Co or Ru [2] decreases 
the rate of reaction while increasing the alkene/alkane ratio. The results 
obtained in the present work indicated that addition of K significantly reduced 
the population of atomic hydrogen with intermediate and weak chemisorption 
bond energies. Thus, less alkanes are produced during Fischer Tropsch 
synthesis because chain termination via hydrogenation of the unsaturated 
carbon chain is curtailed. This gives a quahtative explanation for the increase 
in the alkene to alkane ratio observed in the presence of alkali promoters. 
Further, hydrogen being a reactant in the process, lower concentrations of 
hydrogen result in the overall rate of reaction being decreased. Also note that 
the alkali physically blocks reactive catalj^ic sites. 
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Conclusions 
In this work microcalorimetry and NMR were combined to elucidate the 
interaction of hydrogen with Ru/Si02 and to study the effect K addition has on 
the energetics and kinetics of this process. The population of states with heats 
of adsorption less than 80kJ/mole was significantly reduced upon addition of K 
to Ru/Si02. The initial differential heat of adsorption were similar on 
K/Ru/Si02 and Ru/Si02 which implied that processes which alter the strength 
of chemisorption, such as electronic effects, did not occur in the alkaU promoted 
catalysts. This conclusion was also corroborated by the invariance of the 
Knight shift, a measure of the density of bonding states at the Fermi surface, 
in the proton NMR studies of these catalysts. 
On the K/Ru/Si02 catalysts there was a reduction in amounts of 
hydrogen adsorbed on Ru particles. In addition, K reduced the amount of 
hydrogen spilling over from the metal to the silica support. This was 
attributed to a reduction in the amount weakly bound hydrogen on Ru in 
thepromoted catalysts and/or due to K blocking sites on the silica support. The 
H/Rusurface ratios were also lower on the K/Ru/Si02 catalysts, primarily due to 
the kinetics of adsorption and desorption being lower in the presence of the K 
promoter. The kinetics of adsorption was assumed to be structure sensitive 
and was diminished in the presence of K. 
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Table 1. Catalyst characteristics 
Catalyst 
4% Ru/Si02 
4% Ru 6 atomic % K /Si02 
4% Ru 33 atomic % K /Si02 
4% Ru 50 atomic % K /Si02 
H/RUsurface 
Volumetric NMR 
0.11 0.09 
0.30 0.14 
0.07 
0.12 
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Table 2. Rate constant and exchange parameters from 
NMR hole burning experiments 
Catalyst 0H kex (s-i) kdesCs'O 
4% Ru/Si02 0.83 20000 24000 
4% Ru 6 atomic % K /Si02 0.83 20000 24000 
4% Ru 66 atomic % K/Si02 0.80 700 875 
30 
Figure Captions 
Figxire 1. Differential heats of hydrogen adsorption on Ru/SiOa and K/Rn/Si02 
at 400 K. 
Figure 2. Adsorption energy distribution for Ru/Si02 and K/Ru/Si02. 
Figure 3a. NMR and selective excitation (DANTE pulse sequence) 
experiments on Ru/Si02-
Figvire 3b. NMR and selective excitation (DANTE pulse sequence) 
experiments on K/Ru/Si02. 
Figxire 4. Isotherms for hydrogen adsorption on Ru/Si02 and K/Ru/Si02 at 
400 K. Determined using NMR. 
Figure 5. NMR Knight shifts as a function of pressure. 
Figure 6 . Differential heats of adsorption and H/Surface Ru as a 
function of pressure 
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CHAPTER 2. HYDROGEN ADSORPTION STATES ON SILICA 
SUPPORTED Ru-Ag AND Ru-Cu BIMETALLIC CATALYSTS 
INVESTIGATED VIA MICROCALORIMETRY. 
A paper submitted to Thermochimica Acta 
R. L. Narayan and T. S. King, 
Department of Chemical Engineering and Ames Laboratory 
U. S. Department of Energy 
Iowa State University, Ames, lA 50011 
Abstract 
The nature of hydrogen adsorption states on silica supported Ru, Ru-Ag 
and Ru-Cu was investigated using microcalorimetry and selective hydrogen 
chemisorption. The differential heats of hydrogen adsorption as a function of 
hydrogen coverage were determined for Ru and bimetallics with varying Ag 
and Cu contents. The initial heats of hydrogen adsorption (differential heat at 
coverages approaching zero) were found to be similar on all three catalyst 
systems suggesting the absence of effects that directly alter the chemisorptive 
bond (e.g., electron transfer between Ru and the added metal). The addition 
Ag to Ru significantly reduced the total amount of hydrogen adsorbed per 
surface Ru atom. That is, the stoichiometry of adsorption was altered by the 
addition of Ag even though Ag does not adsorb hydrogen. Similarly, the 
addition of Cu reduced the amount of hydrogen adsorbed per surface metal 
atom. In both cases, the reduced amount of hydrogen adsorbed per surface 
atom (adsorption stoichiometry) was associated with the loss of hydrogen 
adsorbed from weak and intermediate energy adsorption states (< 80 kJ/mol). 
The population of sites with adsorption energies greater than or equal to 80 
kJ/mol were unaffected. From atomistic simulations it is known that at low 
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concentrations Ag and Cu preferentially occupy the low coordination metal 
sites. The loss of the intermediate and low adsorption energy sites is 
correlated with replacement of Ru atoms at edge, comer and other defect-like 
sites by Ag and Cu. Possible reasons for this structure sensitivity is discussed. 
Introduction 
Bimetallic catalysts are used in a variety of important processes such as 
catalytic reforming in the petroleum industry and automobile emission control 
[1], In principle the adsorption properties and the catalytic behavior of 
bimetaUic catalysts can be manipiilated by varying the nature and relative 
composition of the component metals. Thus, by changing the concentration of 
the second element in bimetaUic catalysts, it may be possible to control the 
selectivity, activity and/or stability of the catalytic process [2]. The Ru-Ag and 
Ru-Cu bimetallic systems are examples of model systems that are relatively 
simple and easy to study. One of the elements, Ru, is catalytically active while 
the second element, (Ag or Cu), is relatively inactive for many reactions [1-3]. 
Another advantage of these model systems is that at low concentrations the 
Group lb element preferentially occupies the edges, corners and other low 
coordination metal sites on the catalyst surface [4]. This preferential 
segregation of Ag and Cu to the low metal coordination sites on the svurface of 
the bimetaUic catalyst can be used to manipulate the sxirface structure and 
study its influence on activity and selectivity (i.e., structvire sensitivity). Such 
reactions as Fischer-Tropsch synthesis [3], ethane hydrogenolysis [5,6] and 
butane hydrogenolysis [7] have been investigated in our laboratory using this 
approach . In addition, other studies of hydrogenolysis and CO hydrogenation 
[1,8-11] provided valuable insight regarding the surface composition of the 
bimetallic catalysts and the natvire of the cataljrtic site responsible for their 
activity. 
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Ru-Group lb systems have been characterized with a variety of 
techniques including X-ray absorption fine structure (EXAFS) [12], X-ray 
photoelectron spectroscopy (XPS) [13], ultraviolet photoelectron spectroscopy 
(UPS) [14], temperature programmed reduction (TPR) [15], temperature 
programmed desorption (TPD) [16], photoemission of adsorbed xenon (PAX) 
combined with angle resolved ultraviolet photoemission spectroscopy (ARUPS) 
[17], proton nuclear magnetic resonance (^H NMR) of adsorbed hydrogen [18], 
and atomistic simulations [4]. One technique that has been quite useful in the 
study of other bimetallic systems is microcalorimetry of adsorbed hydrogen 
[19]. To date there have been no studies of the thermodynamics of hydrogen 
adsorption on Ru bimetallics at conditions up to one atmosphere pressure. 
Many adsorption phenomena, including hydrogen adsorption on 
transition metals, are spontaneous and exothermic [20]. The amount of heat 
evolved during the adsorption process is called the heat of adsorption and has 
a characteristic value for a given gas-soUd system. Factors which may 
influence heats of adsorption include the chemical natvire of the gas and metal 
catalyst investigated, the amount of adsorbate present on the catalyst surface 
(coverage), temperature and pressure of adsorption, the size of the catalyst 
particles, the presence of additives, the nature of the support and the method 
used for heat determination. Most of the adsorption data in the literature are 
from surface science studies on single crystals [21] and have been obtained 
indirectly from kinetic studies of various phenomena (usually temperatxire 
programmed desorption) or by applying the Clausius-Clapeyron equation to 
adsorption isotherm results [22]. A significant drawback of these methods is 
that many assumptions are made en route to calculating the heats of 
adsorption. For example, using adsorption isotherms for determining heats of 
adsorption is inherently limited by the assumptions which accompany the use 
of the Clausius-Clapeyron equation. Additionally it is assumed that the 
surface state is unchanged dvuring the adsorption process, i.e., the heat of 
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adsorption is independent of adsorbate coverage, and that the heat of 
adsorption is not a function of temperature. These last two assumptions are 
the most flawed. It is well known that the heat of adsorption generally 
decreases with increasing adsorbate coverage [20,22]. The influence and 
importance of temperature on heats of adsorption measurements has been 
discussed in detail by Martinez and Dumesic [22]. The assumption of 
reversibility is also a moot point particularly in cases of strong adsorption, 
like that of hydrogen on clean transition metal surfaces, where the 
chemisorption process may be irreversible xmder experimental conditions [23]. 
The study presented here investigated the differential heat of 
adsorption of hydrogen on Ru, Ru-Ag, and Ru-Cu in order to characterize the 
catalysts themselves and to elucidate the interaction of this important 
reactant with the svirface. A home built Tian-Calvet microcalorimeter was 
used to determine the differential heat of adsorption for hydrogen as a function 
of hydrogen coverage. The amount of gas adsorbed onto the catalyst in a given 
dose was determined using a standard volxmietric technique in conjunction 
with the microcalorimeter. The results of this work indicated that the states 
of hydrogen adsorption exhibited structure sensitivity. 
Experimental methods 
Catalyst preparation 
All the supported catalysts used in this study had a Ru composition equal 
to 4% by weight of the total (Ru+SiOa) content. A 4% Ru/Si02 was prepared from 
a 1.5% ruthenium nitrosyl nitrate solution (Strem Chemicals) using the incipient 
wetness impregnation method. A slurry was prepared by impregnating silica 
(Cab-O-Sil, 300 m^/g) with the appropriate amount of salt solution. This slurry 
was dried overnight at room temperature and then at 110° C for two hours. It 
was then reduced in flowing hydrogen at 375° C. The Ru-Cu/Si02 and Ru-Ag/ 
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Si02 catalysts were prepared by coimpregnation of CuNOa or AgNOa with the 
ruthenixim nitrosyl nitrate solution. The Ag and Cu contents are reported as 
atomic weight percent of the total metal (Ru + Ag or Cu) content. All the 
catalysts were washed 8 to 10 times with 60 ml of hot water to eliminate Na and 
CI contamination. The catalysts were reduced in situ prior to measuring the 
differential heats of adsorption. Three Ru-Cu/Si02 catalysts with 5, 30, and 60 
atomic % Cu and three Ru-Ag/SiOa samples with 10, 20 and 30 atomic % Ag were 
investigated. 
Dispersion measurements 
The dispersion of the 4% Ru/Si02 catalyst was determined by NMR and 
was found to be 11%. The dispersions of the Ru-Ag/SiOa and Ru-Cu/Si02 
catalysts were obtained by selective hydrogen chemisorption using a home built 
adsorption apparatus described elsewhere [24]. The optimized volumetric 
technique described by Uner et al. was used for the dispersion measurements 
[25]. About 1 g of the catalyst was placed in a Pyrex sample ceU with a coarse 
frit to enable reduction in flowing hydrogen. Moistxire was removed by heating 
for 30 minutes at about 400 K with helium gas flowing through the cell. The 
catalysts were then reduced in flowing hydrogen for 4 hoxirs at a temperature 
between 673 and 723 K, and then evacuated for 4 hours at the temperatiure of 
reduction. Total hydrogen uptake measxirements at 335 K were made by 
exposing the catalyst to progressively higher pressures between 10 and 40 Torr 
and allowing to equihbrate for 10 to 15 minutes. At least four data points were 
obtained for all isotherms. The catalyst was then evacuated at lO-^ Torr for 10 
minutes to remove the wealdy bound hydrogen. Subsequently, a second 
isotherm, corresponding to weak or reversible adsorption, was obtained using the 
same procedure. The linear portions of the total and reversible isotherms were 
extrapolated to zero pressure and the difference between the intercepts was 
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taken as a measure of strongly boimd hydrogen. This strongly boxmd hydrogen 
was used to calculate the dispersion of the catalysts. The dispersions of the 
various catalysts are given in Table 1. 
MicrocalorimetTy 
A home built Tian Calvet differential heat flux microcalorimeter based 
on the design of Handy et al., [26] was used in this work. The catalyst was 
loaded in a thin walled pyrex NMR tube (Wilmad Glass Co.) connected to a 
stainless steel manifold with greaseless fittings. In situ static reduction was 
carried out with the catalyst at 375-400''C using hydrogen at approximately 
one atmosphere pressure. The hydrogen was replenished every 30 minutes. 
This was followed by evacuation at the reduction temperature for a period of 
time equal to the total time of reduction. The samples were lowered into the 
calorimeter (while stiU connected to the manifold) and the system allowed to 
thermally equilibrate overnight. All differential heats of adsorption 
measurements were made at 403 K to ensure the hydrogen adsorbate had 
sufficient mobility to probe the energetics of the entire sample surface [22]. 
The differential heats of adsorption are reported in terms of heat evolved per 
mole of hydrogen gas adsorbed (kJ/mol). 
Results 
The differential heats of hydrogen adsorption on the various Ru, Ru-Ag 
and Ru-Cu catalysts are shown in Figure 1. The amount of hydrogen adsorbed 
is given per svirface metal (for Ru-Cu) or per surface Ru (for Ru and Ru-Ag). 
On Ru-Ag, the only surface metal which can adsorb hydrogen is Ru since 
hydrogen does not adsorb on Ag or spill over to the Ag firom Ru [24]. On the 
other hand, for the Ru-Cu catalysts spillover firom the Ru to Cu does occvir [11], 
and therefore the entire svirface can accommodate hydrogen. The initial heats 
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of hydrogen adsorption were found to be similar for all the catalysts at 90 to 95 
kJ/mol. All catalysts displayed a decrease in differential heats of adsorption 
with increasing hydrogen coverage. Furthermore, Ru/SiOa displayed a 
coverage as high as 4.0 before the differential heats of adsorption fell below 5 
kJ/mol. Adding Cu or Ag to Ru/SiOa significantly reduced the stoichiometry of 
hydrogen per svirface metal. The decrease was greater with Ag than with Cu. 
The bimetallics with 10, 20, and 30 atomic % Ag displayed similar differential 
heat of adsorption trends. Note that for all the Ru-Ag catalysts the differential 
heat values fell to neghgible values at a coverage of approximately 1.0 
hydrogen per surface Ru atom. Similarly, up to a H to surface metal ratio of 
approximately 1.0 the differential heat cvirves for all the Ru-Cu catalysts had a 
similar shape. However, the amount of very weakly bound hydrogen 
(differential heat < 15 kJ/mol) increased with increasing amounts of Cu. 
Histograms of the amount of hydrogen adsorbed within specific ranges 
of differential heats, called site distributions, are given in figure 2. The site 
distributions for Ru-Ag and Ru-Cu, respectively, are compared with the 
distribution for Ru/Si02. These histograms were obtained with a method 
described by Cortright and Dumesic [27]. The site distributions were 
essentially the same for all three Ru-Ag catalysts studied. 
Of all catalysts studied Ru/SiOa adsorbed more hydrogen per Ru (or 
svirface metal) and most of this hydrogen was between 30 and 70 kJ/mol. 
Adding more than 10 atomic % Ag caused a significant reduction in the 
population of sites with intermediate and low heats of adsorption (less than 80 
kJ/mol). The popvdation of sites with heats of adsorption greater than 80 
kJ/mol showed a sUght increase. 
Adding Cu to Ru also significantly reduced the amount of hydrogen 
adsorbed per surface metal site (Ru+Cu) especially in the differential heat 
range between 30 and 70 kJ/mol (see Figure 2b). Similar to Ru-Ag catalysts, 
the popxilation of sites which adsorb hydrogen with a heat of adsorption 
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greater than 80 kJ/mol was not greatly affected by adding Cu although an 
increase was noted. Thus, adding either Cu or Ag to Ru/Si02 decreased the 
stoichiometry of adsorption by depopulating the low and intermediate energy 
adsorption states. Consequently, the integral heats of adsorption averaged 
over all coverages was increased by both Cu and Ag. 
Discussion 
Two features of the results of hydrogen adsorption on Ru and Ru 
bimetallics are notable. First, the initial heats of adsorption are the same 
(within experimental error) on all catalysts investigated here. Second, both Ag 
and Cu had the effect of reducing the population of hydrogen adsorbed at low 
and intermediate energies, i.e. below 80 kJ/mol. These features and their 
impHcations for catalysis are discussed below. 
Initial heats of adsorption 
It was noted that the initial heats of adsorption for all catalysts 
regardless of bimetallic composition was approximately 90 kJ/mol (see figure 
1). A similar observation was made by Cortright and Dumesic [27] for 
hydrogen adsorption on a series of Pt-Sn/Si02 catalysts. The similarity of the 
initial heats of adsorption suggests the absence of effects that directly alter the 
chemisorptive bond or chemisorption site. Possible mechanisms by which the 
chemisorptive bond or surface site on a bimetallic can be modified include 
electronic effects, ensemble effects, or surface segregation induced structure 
sensitivity. For example, the last item refers to the possibility that since Ag 
and Cu preferentially popvdate edge, corner and other low metal coordination 
sites, and thus hydrogen may be blocked fi*om those adsorption sites in the 
bimetallics. If those sites were associated with high binding energy and if the 
adsorbed hydrogen was relatively immobile, then one wovdd expect that the 
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initial heats of adsorption would be less with the bimetallics. On our systems, 
however, we know from ^ H NMR that adsorbed hydrogen is mobile on 
individual metal particles [28], and under the conditions of ovu: experiments 
hydrogen samples all available adsorption sites (see also the Appendix). 
Hence, any decrease observed would be an average of all adsorption sites 
sampled by the hydrogen atoms. Since the observed initial heats of adsorption 
were not changed by presumably blocking low metal coordination sites we 
conclude: (i) low coordination sites (predominately edges and corners) do not 
have significantly different heats of adsorption; (ii) too few low coordination 
sites exist to resolve them in the calorimetry. Ensemble effects are not likely 
because these bimetallic pairs are immiscible in the bulk and do not 
experience micromixing on the surface even though the two elements are in 
contact. That is, neither Cu nor Ag break up Ru ensembles to any extent [4-6]. 
A more expected mechanism that could alter initial heats of adsorption 
on our bimetallic catalysts involves the transfer of electron density from Ru to 
or from the second metal. The premise of this electronic effect (sometimes 
called hgand effect) is that the chemical environment of the adsorbing metal is 
determined by free metal electrons as weU as vacant d-orbitals which can 
accommodate electrons [29]. The chemisorption process involves bonding of 
the adsorbate through electron transfer and is a function of the density of 
electrons at the catalyst sxirface (for example see references [30] and [31]). The 
initial heats of adsorption is a measure of bond strength, and since electrons 
are involved in bonding, any influence of the Group lb metal on electron 
transfer is expected to alter the initial heats of adsorption. Prinsloo and 
Gravelle [32] determined the differential heats of hydrogen adsorption on a 
series of silica supported Ni-Cu catalysts of various compositions. They 
attributed the observed decrease in the initial heats of adsorption with 
increasing Cu amounts to a transfer of electrons from the Cu to the vacant d-
orbitals of Ni. However, in magnetic studies Ni-Cu alloys with high Cu 
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contents displayed strong paramagnetic behavior ([33] and references therein). 
This residt suggested that Ni retained its paramagnetic behavior even in the 
Cu rich environment and no electron transfer occurred from Cu to Ni in the 
alloys. The Ru-Ag/Si02 catalysts of this study were previously investigated 
using NMR [34]. No change in the proton Knight shift, a measure of the 
density of bonding states at the Fermi level, was observed with increasing 
amounts of Ag. Thus, it was concluded that the density of bonding states at 
the Fermi surface does not change upon addition of Ag to RuySi02. This view 
is also supported by XPS and XAES results for Ag monolayers supported on 
Ru(OOOl) reported by Rodriguez [16]. 
In the case of the Ru-Cu, the studies probing electronic effects using 
other techniques are not as conclusive. Infrared [35-37] and thermal 
desorption ([38] and references therein) studies using CO as a probe molecvde 
have been used to investigate electronic effects in the Ru-Cu bimetallic 
systems [39]. Chemisorption of CO is more compHeated than hydrogen 
because it involves donation of electrons from the 5a orbitals of CO to the 
metal as well as 'back donation' from the metal d-orbitals to the antibonding 
2n' orbitals of CO [40]. However, the temperature shifts in peak maxima 
reported from the thermal desorption studies have been criticized as being 
insignificant and because these studies did not account for reductions in the 
preexponential factor in the rate of desorption resulting from a decrease in the 
sticking coefficient of CO [41]. Similarly, caution should be exercised in 
interpreting the peak shifts reported in the early IR resxilts because high CO 
coverages were used in theses studies and the results did not account for 
dipole-dipole interactions [42]. The electron energy loss spectroscopy results of 
Kiskinova et al. [43] and the XPS study by Helms and Sinfelt [13] also 
suggested no electronic interactions between Ru and Cu. 
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Wu et al. [18] reported only a single NMR resonance for adsorbed 
hydrogen, varying from -49 to -62 ppm, for Ru-C\i/Si02 catalysts containing 
less than 45 atomic % Cu. At higher Cu contents an additional peak, 
attributed to hydrogen chemisorption on Cu particles, was observed at about 
95 ppm. The shift in the upfield peak position with increasing Cu content was 
attributed to fast exchange of hydrogen between the Ru and Cu environments 
and not to changes in the density of bonding states at the Fermi level. An 
electronic perturbation of the Cu by the imderlying Ru, especially at Cu 
concentrations greater than 45 atomic %, was not rvded out. Theoretical 
analysis of the Knight shifts in this system also suggest no electronic 
interactions [44,45]. 
The calorimetry results presented here agree with the view that 
electronic effects are not operable in these bimetallics, at least with regard to 
hydrogen adsorption. The results suggest that the hydrogen chemisorption 
bond strength on a Ru atom is not altered by the presence of Cu or Ag. 
Hydrogen adsorption at higher pressures: Amounts and energies 
Hydrogen chemisorption on transition metals, including Ru, have been 
extensively investigated at low pressures [46]. However, there are few 
fundamental studies investigating hydrogen chemisorption on supported 
catalysts at higher pressures greater than 100 Torr. Using NMR Wu et al. 
[24] identiJBed two distinct adsorbed states on Ru in Ru/Si02: irreversible and 
reversible. The strongly bound, irreversible state was observed at pressures 
less than 10-^ Torr and showed no interactions with the hydrogen in the sihca 
support. In later studies, Engelke et al. [28,47] used 2D NMR to show that the 
irreversibly adsorbed hydrogen showed intraparticle mobility at a coverage of 
approximately 0.5 and below. The more mobile, reversibly adsorbed hydrogen 
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was observed at higher pressures and was shown to exchange with deuterixim 
on the silica support at the relatively low pressure of 5 Torr. 
Bhatia et al. [48] reported H to surface metal ratios greater than 1.0 for 
pressures exceeding 100 Torr. Further, at pressures greater than 100 Torr an 
additional NMR resonance, not seen at lower hydrogen pressures, was 
observed. The weakly bound hydrogen on the metal, comprising the resonance 
observed only at high pressures, was in fast exchange with the gas phase and 
perhaps with the hydrogen spilled over to the support (revealed by the pressure 
dependence of its resonance shift). The exact location of the weakly bound 
hydrogen on the metal was not determined. In addition to the weakly and 
strongly boimd hydrogen on Ru, NMR studies clearly showed that hydrogen 
spills over from the Ru particles to the silica support, particularly at higher 
pressures [25]. The amount of hydrogen spillover on the support is quite large 
for the Ru/SiOa system. 
From the site distribution plots shown in figure 2 it was observed that on 
Ru/Si02 the population of sites with intermediate and low heats of adsorption, 
i.e. characterized by less than 70 kJ/mol, was high. Hence, it is not surprising 
that the pure Ru catalyst generates considerable spillover (see figure 1) with 
heats below 10 kJ/mol. The weakly bound hydrogen on the metal can spillover 
the support without a large energy penalty. Also, hydrogen from the gas phase 
quickly replenishes the metal with weakly bound hydrogen. 
In contrast, on the Ru-Ag and Ru-Cu catalysts the sites displajdng 
adsorption heats less than 70 kJ/mol were significantly depopulated (see figxire 
2). Since the intermediate and weakly bound states have significantly lower 
amounts of hydrogen, there is less weakly bound hydrogen available for 
spillover to the support in these catalysts. Possible reasons for the significant 
depopulation of the intermediate and weak adsorption states on Ru-Ag and Ru-
Cu are discussed in the following section. 
50 
Comparison ofRu/SiOs and Ru-Group lb bimetallics: Reduction in hydrogen 
chemisorbed at high pressures 
Possible explanations for the depopulation of the intermediate and weak 
sites on Ru-Ag and Ru-Cu bimetallics include: (i) electronic effects, (ii) changes 
in site geometry including blocking of sites, and (iii) altered kinetics of 
hydrogen adsorption. Since electronic effects were not important at low 
coverages it is improbable that the depopulation can be accovmted for by using 
this explanation at higher coverages. 
It is possible that Ag blocks Ru adsorption sites that can accommodate 
large amounts of hydrogen. However, in this work we know that the adsorbed 
hydrogen is highly mobile at these conditions. Also, in order to account for the 
large amount of hydrogen on the metal these "special" adsorption sites would 
need to accommodate vmreasonably high stoichiometries, between 12 to 20 
hydrogen atoms per surface metal atom. Thus, even though Ag and Cu 
selectively blocked low coordination sites, blocking of sites exhibiting high 
adsorption stoichiometries cannot account for aU the depopulation observed. 
The third possibility is that a kinetic phenomenon controls the amount 
of intermediate and weakly boxmd hydrogen on the Ru-Ag and Ru-Cu 
bimetaUics. It is possible that the adsorption process may proceed primarily 
via rapid dissociative adsorption at the edges, corners and other similar sites 
on the Ru surface in a structure-sensitive manner. Hydrogen adsorption on 
Ru/Si02 may be structvure sensitive and may occur more efficiently through the 
low coordination defect-like sites than on the high coordination terrace atoms 
in much the same way as noted for Pt (49). The term coined for this rapid, 
site-specific adsorption is "portal" mediated adsorption (50). It is likely that 
this process is zero order in hydrogen pressure and initially produces weakly 
bound, highly mobile hydrogen that migrates to stronger binding states. 
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Likewise, the desorption process requires two hydrogen atoms combining to 
form the desorbing molecvde. The two atoms may be both strongly adsorbed 
(SS), both weakly adsorbed (WW), or a combination of weakly and strongly 
adsorbed species (WS). The relative rates of the elementary desorption 
processes should be WW > WS > SS based solely on the energy barriers. 
When the portals are systematically closed, for example, by allowing Ag 
or Cu to distribute to edges and corners, the elementary adsorption process at 
those sites is shut down, but the desorption process still can occur to the extent 
that the populations of svirface hydrogen exist. Note that adsorption directly 
onto basal plane facets still occurs but at its intrinsically slower rate (49). 
Hence, the quahtative pictxire that emerges is that the weakly bound states 
are systematically depopulated due to a reduced adsorption rate coupled with 
desorption favoring the more weakly bounds states. The net result is a metal 
surface with less total hydrogen and an adsorption energy distribution more 
heavily weighted to the higher energy states (Fig. 2). In addition, spill over of 
hydrogen to the support is diminished because little weakly bound hydrogen 
on the metal is available. Note that in this picture the calorimetry results are 
not truly at equilibriiun because microscopic, detail balance is not achieved. 
Rather, these experiments probe a stationary state. 
Experimental evidence that the kinetics of hydrogen adsorption and 
desorption are affected by addition of Ag was provided by NMR studies on 
Ru-Ag/Si02 catalysts [51]. These studies found that the rates of hydrogen 
adsorption and desorption were lowered by a factor of 20 to 100 on the 
bimetallic catalysts. Hydrogen sticking coefficients, determined as a function 
of H to svirface Ru stoichiometries, were also lower on the Ru-Ag catalysts than 
on pure Ru/Si02 and corresponded to values observed on Ru(OOOl) surfaces 
[52]. 
A correlation of entropies of adsorption with enthalpy of adsorption 
observed in this work is given as an appendix. Although not directly related to 
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the above discussion these results may suggest the underlsdng mechanism of 
adsorption is dominated by kinetic effects common to all catalysts studied 
here. 
Implications for catalysis 
The portal mediated adsorption model outlined above can explain 
catalytic variations previously observed for some bimetallic systems. For 
example, Smale and King (5,6) noted that even though Ag is catalytically 
inert, does not adsorb hydrogen and cannot produce an ensemble effect, it can 
significantly alter the ethane hydrogenolysis reaction on Ru. Ru-Ag catalysts 
yielded a significantly more negative order of reaction with respect to 
hydrogen on Ru-Ag compared to Ru catalysts, -2.5 versus -1.5. In a simple 
mechanism, the effect is the same as if the heat of adsorption of hydrogen was 
increased (5,6). The results presented here reveal that the average heat of 
adsorption is indeed higher on the Ru-Ag bimetalhc. 
It is not clear how generally one can apply the explanation of portal 
mediated chemisorption processes coupled with surface segregation to 
bimetallic and structvire sensitive reactions. But in cases such as Ru-Ag, 
where electronic and ensemble effects are unlikely, it remains an attractive 
rationale. 
Conclusions 
Microcalorimetry and selective hydrogen chemisorption were used to 
investigate the energetics and extent of hydrogen chemisorption on R\i/Si02, 
and a series of Ru-Ag/Si02 and Ru-Cu/SiOa bimetallic catalysts. It was 
observed that addition of Ag or Cu to Ru/SiOa significantly reduced the 
amounts of hydrogen adsorbed as well as the stoichiometry of hydrogen 
adsorption. Both Cu and Ag reduced the population of adsorbed hydrogen with 
intermediate and weak heats of adsorption. The initial heats of adsorption 
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were similar on all the catalysts studied indicating that processes which 
directly alter the chemisorption bond strength, such as electron transfer from 
Ag or Cu to Ru, did not play a noticeable role 
The depopulation of the intermediate and weak sites was attributed to a 
structure sensitive kinetic effect. It was proposed that hydrogen adsorption 
occurred more efficiently through edges, comers and other low-coordination 
metal sites than basal planes. The intrinsic rate constants for desorption from 
the basal planes were assvimed to be unaffected and, thus, were the same on 
Ru/Si02 as well as the bimetallics. Since Ag and Cu preferentially segregate 
to the low metal coordination sites it was postvdated that the addition of Ag or 
Cu resulted in diminished rates of hydrogen adsorption while the rates of 
desorption were not influenced. Thus, there was a net depletion of the 
population of hydrogen residing on the surface, resulting in the reduced 
hydrogen to metal ratios observed on the Ru-Ag and Ru-Cu bimetallic 
catalysts. The reduced amounts of weakly bound hydrogen on the bimetaUics 
also decreased the spillover to the silica support. 
Appendix 
The relationship between differential entropy and differential heats of 
adsorption for silica supported Ru, Ru-Cu and Ru-Ag 
An interesting observation is that the differential entropies of 
adsorption plotted against the differential heat of adsorption gave the same 
straight line for all catalysts (see figure 3). The linear relationship between 
the heats and entropies of adsorption was considered to be interesting enough 
to be presented here as thermodynamic adsorption data of this nature is scarce 
in the literature. Assuming ideal gas behavior the differential entropy, Sa (J 
mole-^K-i), was calcxilated using the following equation [53] 
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s. = s^-R\r ,P-^  (1) 
where Sg is the reference entropy of the gas at the standard pressure of 1 atm 
(For hydrogen Sg = 139.22 J/(inol K) [54]), qst is the differential heat of 
adsorption obtained experimentally, P is the equilibrium pressure, R is the gas 
constant, and T is the temperature, 403 K, at which the differential heat of 
adsorption. The values for the slope and intercept of the line shown in figure 3 
are -0.00166 K"^ and 163.5 J/(mol K), respectively. The standard errors for the 
slope and intercept are 0.000026 K-i and 1.2 J/(mol K). It was noticed that at 
higher heats of adsorption a greater scatter was noticed about the regression 
line. A possible explanation for the scatter is that for high heats of adsorption 
the adsorption is irreversible while equation (1) strictly appUes to reversible 
adsorption. 
The similarity in the variation of the differential entropy with 
differential heats displayed by all the catalysts suggests that the adsorbed 
hydrogen is mobile at all coverages and consequently, there is no 
configiirational difference between the catalysts. The results observed in 
Figure 3 are analogous to, but not the same as, the compensation effect 
observed in kinetic studies [55]. 
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Table 1. Dispersion of catalysts 
Catalyst ® Dispersion (%) 
Ru/Si02 11.2 b 
Ru-10 at.% Ag/Si02 12.1 
Ru-20 at.% Ag/Si02 8.8 
Ru-30 at.% Ag/Si02 7.6 
Ru-5 at.% Cu/Si02 34.8 
Ru-30 at.% Cu/Si02 19.3 
Ru-60 at.% Cu/Si02 8.3 
® All catalysts were 4% by weight Ru. 
via NMR 
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Figure Captions 
Figure la. Differential heats of hydrogen adsorption at 403 K on 4% 
Ru/Si02 compared with a series of Ru-Ag/SiOa catalysts. 
Figxire lb. Differential heats of hydrogen adsorption at 403 K on 4% Ru/Si02 
compared with a series of Ru-Cu/Si02 catalysts. 
Figure 2a. Histogram of Differential heat distributions for hydrogen 
adsorption at 403 K on 4% Ru/Si02 compared with a series of 
Ru-Ag/Si02 catalyst, 
Figure 2b. Histogram of Differential heat distributions for hydrogen 
adsorption at 403 K on 4% Ru/SiOa compared with a series 
of Ru-Cu/Si02 catalysts. 
Figxire 3 Plot of differential entropies of adsorption against differential 
heats of adsorption. All data determined at 403 K. 
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CHAPTER 3. A COMPARATIVE STUDY OF HYDROGEN 
CHEMISORPTION ON Stt-ICA SUPPORTED Ru, Rh AND Pt 
A paper to be submitted to Journal of Catalysis 
R. L. Narayan and T. S. King, 
Department of Chemical Engineering and Ames Laboratory 
Iowa State University, Ames, lA 50011 
Abstract 
Hydrogen adsorption on silica supported Ru, Rh and Pt was 
investigated using microcalorimetry and selective hydrogen chemisorption. 
The initial heats of adsorption on Ru/Si02, Rh/Si02 and Pt/Si02 were found to 
be 91 +/- 5 kJ/mol, 117 +/- 5 kJ/mol and 94 +/- 5 kJ/mol, respectively. The 
stoichiometry of hydrogen adsorption was significantly higher on Ru/Si02 than 
on Rh/Si02 and Pt/Si02, and followed the order Ru » Rh ~ Pt. The lower 
adsorption stoichiometries observed on Rh and Pt were due to significantly 
lower populations of intermediate and weakly bound hydrogen (characterized 
by heats of adsorption being less than 70 kJ/mol) on theses catalysts. On 
RuySi02 the population of weakly bovmd hydrogen was significantly higher 
and, thus, more mobile hydrogen was available on the metal for spillover to 
the support in this catalyst system. The implications to catalysis of the 
microcalorimetric results obtained are discussed. 
Introduction 
All Group VIII metals exhibit some catal5^ic activity for commercially 
important reactions such as hydrogenation, dehydrogenations, reforming, 
hydrogenolysis and isomerization [1]. In many cases more than one of these 
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reactions may occur simultaneously on the catalyst sxirface. For example, 
hydrogenolysis and isomerization frequently compete with each other on 
Pt/Si02 catalysts, especially in reactions involving large hydrocarbon 
molecules [2]. The selectivity for individual reactions is determined by the 
catalyst metal used and the operating conditions. An important factor used to 
manipvilate the relative rates of the various reactions is the hydrogen 
pressure [2]. Since hydrogen is a component of all hydrocarbons, it is expected 
that the relative ease of removal and/or addition of hydrogen from/to the 
carbon chain will play an important role in determining the product 
distribution. Thus, it is important to understand the fundamental role of the 
metal in influencing the nature of adsorbed hydrogen and to elucidate the 
effect of pressture in influencing the amounts, availabiHty and characteristics 
of the hydrogen adsorbed on different supported catalysts. 
In addition to its role as a reactant hydrogen is also used as a probe to 
characterize supported transition metals [3,4], The nature of hydrogen 
chemisorption, particularly on single crystals, has been extensively 
investigated at low pressures [5]. At high hydrogen pressures a reversible 
weakly bovind hydrogen resides on the surface of transition metal catalysts 
[4,6]. This weakly bound hydrogen is found to spillover from the metal to the 
support at high pressures for the catalyst systems investigated here, namely, 
silica supported Ru, Rh and Pt [7,8]. 
Hydrogen residing on the metal and on the support, via spillover, have 
been probed by numerous techniques [1-8]. However, there have been few 
studies to investigate the energetics of hydrogen adsorption on supported 
Group VIII catalysts, particularly with respect to hydrogen chemisorption at 
high pressures. 
Chemisorption of reactants involves bond formation and is accompanied 
by a characteristic amount of enthalpy change, AH, called the heat of 
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adsorption. Chemisorption of most gases, including hydrogen, is exothermic 
[1]. The heat of adsorption (-AH) is a thermodynamic quantity which provides 
information on changes occurring in the catalyst and the adsorbate as a result 
of the chemisorption process. Comparison of the heats of adsorption of a given 
gas, such as hydrogen, on different metals, such as Ru, Rh, and Pt, provides 
information regarding the role of the metal in the adsorption process [9]. 
Apart from the metal, the heat of adsorption also depends on the amoimt of 
adsorbate present on the catalyst surface (coverage). The influence of coverage 
on heats of adsorption is significant, particularly at high gas pressures. Other 
factors which influence heats of adsorption include temperature and pr." :sure 
of adsorption, the size of the catalyst particles, the presence of additives, the 
nature of the support. 
To date heats of adsorption have mostly been obtained using indirect 
techniques such as measurement of adsorption isotherms and temperature 
programmed desorption (TPD). The first technique uses the Clausius-
Clapeyron equation and is inherently limited by all the assumptions which 
accompany the use of this equation [10]. TPD provides information on the 
number, approximate populations and bond strengths of various adsorbed 
species [11,12]. For non activated processes. Like hydrogen chemisorption [5], 
the TPD activation energy value equals the heat of adsorption. However, for 
supported catalysts, which are of interest to us, the interpretation of TPD 
spectra is complicated by diffusion and mass transfer issues [3,12]. The 
advantage calorimetry has over these traditional techniques is that 
thermodynamic information about the energetics of adsorption can be obtained 
directly for reversible and irreversible processes [13]. 
In the present work the energetics and extent of hydrogen 
chemisorption on silica supported Ru, Rh and Pt was investigated using 
microcalorimetry and selective hydrogen chemisorption. In particular, the 
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energetics of hydrogen adsorption at high pressures was probed in detail. The 
microcalorimetric results were used to interpret observed volumetric uptakes 
and stoichiometries of hydrogen adsorption. 
Experimental methods 
Catalyst preparation 
Rhodium, platinum and rutheniiun catalysts were prepared by incipient 
wetness impregnation method using Rhodium Nitrate (Aesar), 
tetraammineplatinum(II) nitrate and 1.5% ruthenium nitrosyl nitrate solution 
(Strem Chemicals), respectively. The Ru and Pt catalysts investigated contained 
4 weight % of metal while the Rh catalyst contained 2 weight % of Rh. A slurry 
was prepared by impregnating silica (Cab-O-Sil) with the appropriate amoimt of 
salt solution. This slurry was dried overnight at room temperature and then at 
383 K for two hours. The catalysts were then reduced in flowing hydrogen at 
648 to 673 K. All catalysts were washed 8 to 10 times with 60 ml of hot water 
to eliminate Na and CI contamination. 
Dispersion measurements 
The dispersion of the 4% Ru/Si02 was determined to be 11% via NMR 
[14]. The dispersions of the Pt/Si02 and Rh/SiOa catalysts, obtained by selective 
hydrogen chemisorption, were about 49% and 56%, respectively. The selective 
hydrogen chemisorption experiments were carried out with a home built 
adsorption apparatus described elsewhere [6], The optimized volumetric 
technique described by Uner et al. was used for the dispersion measvurements 
[7]. About 1 g of the catalyst was placed in a Pyrex sample cell with coarse frit to 
enable reduction in flowing hydrogen. Moisture was removed by heating for 30 
minutes at about 400 K with helium gas flowing through the cell. The catalysts 
were then reduced in flowing hydrogen for 4 hoxors at a temperatxire between 623 
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and 673 K, and then evacuated for 4 hours at the temperature of reduction. 
Total hydrogen uptake measurements at 335 K were made by exposing the 
catalyst to progressively higher pressures between 10 and 40 Torr and allowing 
to equilibrate for 10 to 15 minutes. At least four data points were obtained for all 
isotherms. The catalyst was then evacuated at lO-^ Torr for 10 minutes to 
remove the weakly boxind hydrogen. Subsequently, a second isotherm, 
corresponding to weak or reversible adsorption, was obtained using the same 
procedure as that used for obtaining the total isotherm. The linear portions of 
the total and reversible isotherms were extrapolated to zero pressure and the 
difference between the intercepts was taken as a measure of strongly boimd 
hydrogen. This strongly bound hydrogen was used to calcvdate the dispersion of 
the catalysts assuming a stoichiometry of one hydrogen atom per surface metal 
atom. 
Microcalorimetry 
A home built Tian Calvet differential heat flux microcalorimeter based 
on the design of Handy et al. [15] was used in this work. The catalyst was 
loaded in a thin walled pyrex NMR tube (Wilmad Glass Co.) connected to a 
stainless steel manifold with greaseless fittings. In situ static reduction was 
carried out with the catalyst at 648 - 673 K using hydrogen at approximately 
one atmosphere pressure. The hydrogen was replenished every 30 minutes. 
This was followed by evacuation at the reduction temperature for a period of 
time equal to the total time of reduction. The samples were lowered into the 
calorimeter (while still connected to the manifold) and the system allowed to 
thermally equilibrate overnight. All differential heats of adsorption 
measurements were made at 403 K to ensxire the hydrogen adsorbate had 
sufficient mobility to probe the energetics of the entire sample surface [10]. 
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The differential heats of adsorption are reported in terms of heat evolved per 
mole of hydrogen gas adsorbed (kJ/mol). 
Results 
The differential heats of hydrogen adsorption as a function of H/soirface 
metal for 4% Ru/SiOa, 2% Rh/Si02 and 4% Pt/Si02 are shown in figure 1. The 
amount of surface metal atoms was derived using the dispersion values 
obtained by the methods described earlier. The initial heats of hydrogen 
adsorption was between 90 and 100 kJ/mol for Ru/Si02 and Pt/Si02, and about 
115 kJ/mol for Rh/Si02. 
From figure 3 it was also noted that Ru/Si02 had a significantly higher 
hydrogen-to-metal ratios than either Rh/SiOo or Pt/Si02. Ru/Si02 displayed a 
maximum stoichiometry of 4.0 compared to values of 1.0 and 2.0 shown by Ft 
and Rh, respectively. It should be noted that the maximum adsorption 
stoichiometry observed on Pt/Si02 was noticeably low. 
The population of the hydrogen adsorbed in a given differential heat 
range was quantified to obtain site distribution plots. These plots were 
derived firom the differential heats of adsorption data using the method 
outlined by Cortright and Dumesic [16]. The histograms shown in figure 2 
were obtained by fitting a curve to the differential heat data and quantifying 
the amount of hydrogen adsorbed in a given differential heat range. It was 
observed that the population of strongly bound hydrogen, characterized by 
heats of adsorption greater than 80 kJ/mol, was similar on Rh/Si02 and 
Pt/Si02. On Ru/Si02 the amount of strongly bound hydrogen was less than 
that on Rh/Si02 or Pt/Si02. In contrast, the amounts of hydrogen residing on 
sites displaying intermediate and low heats of adsorption (less than 70 kJ/mol) 
was significantly higher on Ru/Si02 than on silica supported Pt and Rh. The 
noticeably higher populations of hydrogen with intermediate and low heats of 
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adsorption on Ru/Si02 was correlated with the large hydrogen adsorption 
stoichiometries observed on this catalyst. 
The adsorption isotherms for hydrogen adsorption on Ru/Si02, Rh/Si02 
and Pt/Si02 are displayed in figure 3. It was seen that for values of pressure 
less than 0.1 Torr the amount of hydrogen adsorbed, expressed as H/surface 
metal, was similar on all three catalysts. However, for a given pressure above 
0.1 Torr, the amount of hydrogen adsorbed on the Ru/Si02 was significantly 
higher than on Rh/Si02 and Pt/Si02. 
Discussion 
The initial heats obtained in the present work will be compared with 
values available for single crystals and possible reasons for discrepancies 
discussed. The variation of the differential heats of adsorption with coverage 
on Ru/Si02, Rh/Si02 and Pt/SiOa will also be discussed. Possible reasons for 
the stoichiometries observed on Ru/Si02, Rh/Si02 and Pt/Si02 wiU be 
presented. In particular the focus will be on possible explanations for the low 
stoichiometries observed on Pt and Rh. Possible explanations for the 
differences in the site distribution plots displayed by Ru/Si02, Rh/Si02 and 
Pt/Si02 will be given. The consequences of smaller amoxmts of weakly bound 
hydrogen available on Pt and Rh, compared to Ru/Si02, will also be discussed. 
The significance of the results obtained in the present work and their 
implications to catalytic reactions will also be highlighted. 
Initial heats of adsorption 
The initial heats of hydrogen adsorption on Ru/SiOa, Rh/Si02 and 
Pt/Si02 were 91 (+/- 5), 117 (+/- 5) and 94 (+/- 5) kJ/mole, respectively. In 
table 1 the initial heat values obtained in the present work are compared with 
values obtained for hydrogen adsorption on single crystals and supported 
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catalysts. The values for initial heats of adsorption obtained agreed 
reasonably well with literature values. Heats of adsorption are generally 
higher on polycrystalline films and supported catalysts than on low index 
basal planes. This was due to presence of low metal coordination sites on the 
films and supported catalysts [17]. 
It should be highlighted that in the present study the hydrogen was 
mobile and probes sites with different adsorption heats [4,18], On our systems 
we know fi-om ^ H NMR that adsorbed hydrogen is mobile on individual metal 
particles [18], and vmder the conditions of our experiments hydrogen samples 
all available adsorption sites. Hence, any differences observed would be an 
average of all adsorption sites sampled by the hydrogen atoms. 
Stoichiometries of adsorption 
One observation from figure 3 was that the maximum stoichiometry, 
H/surface metal, observed on Pt and Rh was about 1.0. This ratio was 
expected to be greater than 1.0 because the numerator corresponded to the 
total uptake, which included strongly and weakly bound hydrogen, while the 
measure of surface metal in the denominator corresponded only to the strongly 
bound hydrogen. For example, if the so called strongly bound hydrogen had 
heats of adsorption greater than 50 kJ/mol then the differential heat curves 
should cross the 1.0 H per surface metal value at that heat. However, for both 
Pt and Rh the curves reach 50 kJ/mol at stoichiometries of about 0.5. 
Low values for this ratio can result from hydrogen adsorption values 
used in the numerator being too low, or from the surface metal amounts being 
artificially high. Since the quantity of metal residing on the sxirface was 
measured independently the latter is the likely source of error. The optimized 
volumetric technique was used to determine the dispersions of all catalysts to 
reduce inacctiracies resulting firom spillover of hydrogen firom the metal to the 
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support [7]. It should be highlighted that the use of NMR to determine the 
dispersion of Pt/SiOa was unreliable, and compUcated, because the resonance 
due to Pt overlapped with the more intense silanol resonance [19]. 
The low adsorption stoichiometry observed on Pt and Rh could be due to 
kinetics of desorption being limited on theses catalysts. From the differential 
heat distributions, shown in figvure 2, it was observed that about 50 % of the 
hydrogen residing on the surface of the Pt and Rh catalysts displayed heats of 
adsorption greater than 80 kJ/mole. As a result the relative proportion of 
weakly bound, mobile hydrogen available on the surface was lower on Rh and 
Pt than on Ru. In the selective chemisorption technique used for dispersion 
measurements, it is this weak hydrogen which is removed (through 
recombination as molecxiles) during evacuation, prior to determination of the 
reversible isotherm. The equilibration time and the evacuation period were 
both lower in the optimized procedure, used in the present study, than in the 
standard volumetric technique [7]. Since the fraction of mobile hydrogen on 
the surface was low, it was possible that the kinetics of this recombination 
process was limited, and this can resvilt in apparent lower amounts of weakly 
adsorbed hydrogen. Consequently, artificially high values for metal 
dispersion, given by the difference between the total and weak adsorption 
uptakes, would be obtained. 
From the above discussion, it is clear that errors in determination of 
dispersion using selective hydrogen chemisorption may be responsible for 
portions of the curves in figxire 1. It should also be highlighted that the 
uncertainties in dispersion calculations do not allow us to make conclusion 
with respect to systems exhibiting small differences in adsorption 
stoichiometries. This is particvilarly true when comparing metals with 
different chemisorption properties, such as Pt, Rh and Ru. For example, the 
error of 10 to 15 % in the determination of metal dispersion values covild 
account for the differences in the differential heat cvurves displayed by Pt/Si02 
75 
and Rh/Si02. However, large differences in the plots of differential heats 
versus H/surface metal ratio were significant and did provide reliable 
quahtative information regarding the chemisorption process. An example of 
such significant differences was found on comparing the differential heat 
curves for hydrogen chemisorption on Ru/Si02 with the plots for Rh/SiOa or 
Pt/Si02. Thus, in the following sections the nature of the hydrogen on Ru, Rh 
and Pt catalyst surfaces will be discussed. 
Hydrogen adsorption on Ru, Rh and Pt at high pressures 
Using NMR Wu et al. [6,20] identified two distinguishable adsorbed 
states on Ru in Ru/Si02, irreversible and reversible. The strongly bound, 
irreversible state was observed at pressures less than lO-^ Torr and showed no 
interactions with the hydrogen in the silica support. In later studies, Engelke 
et al. [18,21] used 2D NMR to show that the immobile irreversible hydrogen 
showed intraparticle mobihty at a coverage of approximately 0.5 and below. 
The more mobile reversible hydrogen was observed at higher pressures and was 
shown to exchange with deuterium on the silica support at the relatively low 
pressure of 5 Torr. It should be mentioned that strong and weak adsorbed 
hydrogen were also observed for hydrogen adsorption on Rh/SiOa [4,22] and 
Pt/SiOa [4,23] 
On Ru/Si02 Bhatia et al. [24] reported H to svirface metal ratios greater 
than 1.0 for pressures exceeding 100 Torr. The weakly bound hydrogen on the 
metal, comprising a resonance observed only at high pressures, was in fast 
exchange with the gas phase and perhaps with the hydrogen spilled over to the 
support (revealed by the pressure dependence of its resonance shift). The exact 
location of the weakly bound hydrogen on the metal was not determined. In 
addition to the weakly and strongly bound hydrogen on Ru, iH NMR studies 
clearly showed that hydrogen spills over from the Ru particles to the silica 
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support, particularly at higher pressures [7]. The amount of hydrogen spill over 
is quite large for the Ru/Si02 system. 
From the site distribution plots shown in figure 2 it was observed that on 
Ru/Si02 the population of sites with intermediate and low heats of adsorption, 
i.e. characterized by less than 70 kJ/mol, was high. Hence, it is not surprising 
that the pvire Ru catalyst generates considerable spillover [7]. The weakly 
bound hydrogen on the metal can spillover the support without a large energy 
penalty. Also, hydrogen from the gas phase qmckly replenishes the metal with 
weakly bound hydrogen. 
In contrast on the Pt/SiOa and Rh/SiOa catalysts the sites displaying 
adsorption heats less than 70 kJ/mol were significantly lower (see figure 2). 
Since the intermediate and weakly bound states have significantly lower 
amounts of hydrogen there is less weakly bound hydrogen available for 
spillover to the support in these catalysts. 
Site distribution plots : Comparison of Ru/Si02, Rh/Si02 and Pt/Si02 
Possible explanations for the significant differences in the site distribution 
plots for Ru, Rh and Ft include: (i) differences in active sites due to different 
electronic structures, and (ii) kinetics of hydrogen adsorption and desorption 
being different on these catalysts. These factors are discussed below. 
Although Ru, Rh and Pt are all Group VIII transition metals each of them 
belongs to a different group in the periodic table. Thus, Ru, Rh and Pt have 
different electronic structures which results in variations in the density of 
electronic states near the Fermi level as well as differences in the nature of the 
vacant d-orbitals. With the techniques used in the present investigation it was 
not possible to probe the influence and contribution of electronic effects to the 
differences observed in the site distribution plots. The electronic effect for 
hydrogen adsorption on single crystals has been reviewed by Christmann [5]. 
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The dispersions of the silica supported Ru, Rh and Pt catalysts 
investigated were 11%, 56% and 49%, respectively. It is possible that the 
significantly lower dispersion of the Ru/Si02 catalyst was responsible for the 
much larger amounts of intermediate and weakly bound hydrogen observed on 
this system. However, the amount of intermediate and weakly bound hydrogen 
was found to be structure sensitive and was more on Ru/Si02 catalysts having a 
higher dispersion [24]. Thus, the population of the intermediate and weakly 
bovmd states can only be expected to be greater on a Ru/Si02 having a higher 
dispersion value of about 50%, similar to the Rh/Si02 and Pt/Si02 catalysts 
used in this study. 
The kinetics of adsorption and desorption often play an important role in 
determining the extent of adsorption. Both Rh and Pt displayed similar 
differential heat curves but the sticking coefficient of hydrogen was different on 
these metals. The sticking coefficients for hydrogen adsorption on Rh was 
significantly higher than that on Pt [25]. On Pt(lll) values as low as 0.016 [26] 
and 0.06 [27] were reported in the literature. Values of 0.55 and 1.0, 
respectively, were reported for Rh(lll) [27] and Rh(llO) [28]. In general the 
sticking coefficient values were higher on more open sxirface surfaces than on 
low index svurfaces. Polycrystalline surfaces with edges, corners and other low 
coordination defect-like sites displayed higher sticking coefficients, possibly 
because the presence of these sites faciHtated the trapping and dissociation of 
hydrogen [29]. Apparent hydrogen sticking coefficients at a coverage of 0.4, 
determined by NMR, decreased in the order Rh/Si02 > Ru/SiOa» Pt/Si02 
[25]. In the same study it was also found, assuming a Langmurian model, that 
the ratio of the adsorption rate constant to the desorption rate constant for 
Ru/Si02 was three times greater than on Rh/Si02. Thus, it was possible that 
the much higher stoichiometries of hydrogen adsorption observed on Ru/Si02 
than on Rh/Si02 was due to higher rates of adsorption combined with lower 
rates of desorption on the former catalyst. Under given conditions the 
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"equilibrixim" amoxmts of hydrogen on the surface was a function of the relative 
rates of adsorption and desorption. Spillover to the silica support and 
desorption from the silica support (which does not itself adsorb molecular 
hydrogen) resulted in detailed balancing, required by true equilibrium, not 
being achieved. The low stoichiometries on Pt/Si02 was attributed to the low 
hydrogen sticking coefficient on this catalyst system. 
The importance of kinetics in determining the extent of chemisorption was 
also indicated by detailed kinetic studies of hydrogen adsorption on Ru/Si02 
and Ru-Ag/Si02 [30]. In these studies it was found that hydrogen adsorption on 
Ru/Si02 was structure sensitive. The amoimt of hydrogen chemisorbed was 
found to depend on the availabihty of edges, corners and other low metal 
coordination sites. When these sites were preferentially occupied by Ag the 
stoichiometry of hydrogen adsorption decreased and the rates of adsorption and 
desorption also diminished. Addition of Ag or Cu to Ru/Si02 resulted in a 
significant depopulation of sites with intermediate and low heats of adsorption 
[31]. It was postulated that on Ru/Si02, the low coordination metal sites 
behaved as 'portals' where weakly bound hydrogen was efficiently generated. 
This weakly bound hydrogen was also responsible for the significant spill over 
observed in Ru/Si02. Once adsorbed at these portals the hydrogen migrated 
and was adsorbed at stronger sites, characterized by higher heats of adsorption. 
Direct hydrogen adsorption on the low index planes occurred at a relatively 
lower rate even in the absence of low coordination metal sites. Desorption was 
structvire insensitive and occvirred when two hydrogen atoms combine together 
to produce a hydrogen molecule. Addition of Ag or Cu did not influence the 
rates or pathways for desorption. Thus, the depopulation observed on addition 
of Ag or Cu was attributed to a significant reduction in the rates of adsorption 
while the rates of desorption were not affected. 
While the portal mechanism might provide a possible explanation for the 
reduction observed on addition of Ag or Cu to Ru/SiOa, it is not exactly clear 
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how the mechanism can be applied to explain the depopulation of weakly bovmd 
states observed on the distinctly different systems of Pt/Si02 and Rh/Si02. It is 
postulated that the electronic structure of Ru/Si02 combined with the presence 
of low metal coordination sites produced variations in the kinetics, so that large 
amounts of hydrogen can be accommodated on the catalyst surface. 
Implications for catalysis 
The results obtained in the present work indicated that at high pressures 
the amount of weakly bound, mobile hydrogen, characterized by intermediate 
and low heats of adsorption, was much higher on Ru/Si02 than on Rh/Si02 and 
Pt/SiOa. The amoxmts and stoichiometries of hydrogen adsorption decreased in 
the order Ru»Rh~Pt. It should be mentioned that NME studies indicated 
the presence of the weakly bound hydrogen even in the presence of 
carbonaceous species [24]. Thus, the availabihty of this weak hydrogen might 
explain the differences in the catalytic behavior of these metals. For example, 
Vannice [32] has investigated the methanation reaction at 1 atm total pressure 
on a series of transition metals and reported that the activities for 
methanation decreased in the order Ru > Fe >Ni > Co > Rh > Pd > Pt > Ir. 
Thus, the order for methanation activity on Ru > Rh > Pt can be correlated to 
the observed order for the availabihty of weakly bound hydrogen on these 
catalysts, namely, Ru » Rh - Pt, observed in this study. The activity for 
hydrogenolysis which decreases in the order Ru > Rh > Pt [2] can also be 
correlated to the amounts of hydrogen observed in the present study. 
Conclusions 
The initial heats of hydrogen adsorption, determined by microcalorimetry, 
was foxmd to be higher on Rh than on Ru and Pt. At high presstires the extent 
of hydrogen chemisorption and the stoichiometry of adsorption on Ru was 
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significantly higher than that observed on Rh and Pt. The much larger 
populations of weak hydrogen on Ru/SiOa was attributed to spillover of 
hydrogen to the silica support in this catalyst system. 
The population of sites with intermediate and low heats of adsorption were 
significantly lower on Pt and Rh. Differences in the electronic structures 
factors in these chemically different elements play an important role in 
determining the chemisorption behavior on these catalysts. It is postulated 
that on supported catalysts the "equihbrium" amounts observed on the catalyst 
may be influenced by the variations in the rates of adsorption and desorption. 
Other studies indicated that the kinetics of hydrogen adsorption and desorption 
were different on Ru, Rh and Pt. The low adsorbed amounts on Pt was 
attributed to the small values of hydrogen sticking coefficients on this catalyst. 
The differences between the adsorption amoimts on Ru and Rh was postulated 
to be due to the higher ratios of adsorption to desorption rate constants on the 
Ru system. The availability of the weakly hydrogen was correlated to catalytic 
activity observed on these systems. 
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Table 1 Differential heats of adsorption 
Catalyst Heats of adsorption Technique Ref. 
(kJ/mole) 
Pt 
Pt/Si02 90 Calorimetry at 403 K [33] 
Evaporated Pt film 89 Calorimetry at 295 K [34] 
Pt/Si02 89 Calorimetry at 300 K [35] 
Pt(lOO) 63-67 Thermal desorption at RT^ [36] 
Pt(lll) 131 Thermal desorption at RT^ [36] 
Pt/Si02 94 Present study. 
Rh 
Rh film 117 Calorimetry [36] 
Rh filament 75 TD2 at 100 and 300 K. [36] 
Polycrystalline films 115 Calorimetry at 296 K [37] 
Rh(Hl) 78 [5] 
Rh(llO) 77 [5] 
Rh/Si02 117 Present study. 
Ru 
Ru/SiOa 80 Calorimetry at 403 K [24] 
Ru(OOOl) 80 TD2 [38] 
Ru(OOOl) 120 TDS3 [39] 
Ru/Si02 91 Present study. 
1 Room temperature 
2 Thermal desorption 
3 Thermal desorption spectroscopy 
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Figure Captions 
Figxire 1. Differential heats of hydrogen adsorption on silica supported Ru, 
Rh and Pt. 
Figure 2. Site distribution plot for silica supported Ru, Rh and Pt. 
Figure 3. Hydrogen adsorption iaotherms at 403 K for Si02 supported Ru, 
Rh and Pt. 
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GENERAL CONCLUSIONS 
The im'tial heats of hydrogen adsorption was unchanged on addition of 
K to Rvi/Si02 suggesting that the chemisorption bond strength was not 
influenced by processes, such as electronic effects, on the promoted catalysts. 
There was a significant reduction in the stoichiometry of hydrogen adsorption 
and a decrease in the amount of hydrogen adsorbed on the promoted catalysts. 
This decrease in stoichiometry was due to the depopulation of sites 
characterized by intermediate and low heats of adsorption. The amount of 
spillover was lower on the promoted catalyst than on Rvi/Si02 because of less 
weakly bound hydrogen available for spillover and also because K blocked 
sites on the silica support. NMR studies indicated that the rates of 
adsorption and desorption were diminished on the alkali promoted catalysts.. 
This decrease in the rates of adsorption and desorption may be responsible for 
the significant depopulation of weakly bound hydrogen in the presence of K 
promoter. 
The microcalorimetric studies with Ru-Ag and Ru-Cu bimetallic systems 
indicated that the initial heats of hydrogen adsorption on Ru/Si02 was not 
altered as a restdt of adding Cu or Ag. This indicated that addition of Ag or 
Cu did not influence the chemisorption bond strength. The stoichiometry of 
hydrogen adsorption was significantly less on Ru-Cu and Ru-Ag than on 
Ru/Si02. The decrease in stoichiometry was more with Ag than with Cu 
because Cu, unlike Ag, accommodates spillover hydrogen initially adsorbed on 
Ru. The decrease in stoichiometry of adsorption was due to the depopvilation 
of the intermediate and weak sites. Since Ag and Cu preferentially occupy the 
edges, corners and other low coordination metal sites, the reduced amount of 
weakly bound hydrogen was correlated to the availability of low metal 
coordination sites. The kinetics of adsorption and desorption was also altered 
on addition of Cu or Ag to Rvi/Si02. 
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The stoichiometry of hydrogen adsorption and the amoimt of hydrogen 
adsorbed was significantly higher on Ru/SiOa than on Rh/SiOa or Pt/SiOa- The 
population of intermediate and weak hydrogen adsorption states was much 
higher on Ru/Si02 than on Rh and Pt. The fraction of strongly boxmd 
hydrogen was higher on Rh/Si02 and Pt/SiOa than on Ru/Si02. The large 
amoimts of weakly boxmd hydrogen on Ru/SiOa was responsible for the 
significant spillover seen in this catalyst system. It was postulated that the 
electronic structure were responsible for the unique kinetics of hydrogen 
adsorption observed on Ru/Si02. The kinetics of hydrogen adsorption and 
desorption were responsible for the large amounts of weakly bovind hydrogen 
observed on Ru/SiOa relative to Pt and Rh. 
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APPENDIX. OPERATING INSTRUCTIONS FOR 
MICROCALORIMETER 
1. Weigh approximately 0.7 to 1 gram catalyst in the sample cell and an 
identical amovmt of inert support in the reference cell. Use ultra Torr 
fittings to attach the sample and reference cells to the volumetric 
system shown in figure A.I. 
2. Slowly raise the temperature of the volumetric system to 130o C. 
3. Mount the furnaces arovmd the cells and insert thermocouples. 
4. Close valves NVl, B5 and B3. Open all other valves 
5. Switch on mechanical pump and turbo pump. 
6. Slowly open B5 followed by NVl. 
7. Evacuate for 10 minutes. 
8. Slowly raise temperatvire to 220° F and evacuate at this temperature for 
at least 30 minutes. 
9. Gradually raise temperature to desired reduction temperature at 20° F 
per minute. 
10. Close valve B6 and trap hydrogen at 760 Torr in the volumetric system 
by opening valve Bl. Close valve Bl. 
11. After 30 minutes open valve B6 to evacuate the system. 
12. Repeat steps 10 and 11 at least 5 to 6 times. 
13. Note total time of reduction. 
14. Open valve B6 to evacuate at reduction temperature for a time period 
equal to the total time of reduction. 
15. Switch off the furnaces and cool to room temperature under evacuation. 
16. Remove furnaces. 
17. Applj"- a thin layer of thermal grease (Dow Corning 340) around the 
cells. 
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18. Place the cells in their respective chambers in the calorimeter by 
carefully raising the calorimeter block aroimd the cells. 
19. Cover the two chambers with the custom made polyimide covers. 
20. Tightly pack the calorimeter opening with glass wool to insnlate the 
cells. 
21. Cool the volumetric system to room temperature. 
22. Close valve NVl and B5. 
23. Open valve B1 and flush system by flowing helium through the 
volumetric system for 10 minutes. 
24. Close valve B6, B2 and B1 to trap helium at pressiore HI. 
25. Open valves B5 and NVl. 
26. When the pressure reading is steady note the pressure H2. 
27. Close NVl and note the pressure H2N\ 
28. Open valve NVl 
28. Close valve B5 and note the pressxire H2B\ 
29. Open valve B5. 
30. Open valve B6. 
31. Slowly raise temperature of calorimeter block and volumetric system to 
140° C. 
32. Connect variac between the calorimeter controller and calorimeter 
heater. 
33. AUow to equilibrate overnight. 
34. Close valves B5 and NVl. 
35. Flush volumetric system for 10 minutes with the gas being studied. 
36. Trap gas in volvune VI + V2 by closing valves B2 and B6. AUow to 
eqiiilibrate. Close valve B4 and note pressure PIKS. 
37. Start program A0P2 on the computer and follow instructions displayed 
on the screen. Output file name, sampling rate in milliseconds and 
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comments on the run are to be entered. Acquire baseline for at least 
two minutes. The baseline should be flat. 
38. Note the temperatures on channels PI and P2 of the RTD readout. This 
corresponds to the temperature, TBLOCK/CELL, of the calorimeter cells. 
39. Note the temperature Tvi on the controller of the volvimetric system 
along with the temperatures Tv2, Tv3 and Tv4 of the thermocouples T2, 
T3 and T4. 
40. Open valve B5. 
41. Open needle valve NVl continuously over at least 4 minutes. 
42. After thermogram comes back to the baseline close valves NVl and B5. 
43. Stop the program A0P2. 
44. Open valve B6 to evacuate voliune V2. Close B6. 
45. Open valve B4. 
46. Note pressure PFKS-
47. Open valve B6 and evacuate volvune VI and V2. 
48. Repeat steps 35 to 47 for next dose at a higher initial pressure PIKS. 
49. Continue dosing until desired coverage or differential heat of adsorption 
has been obtained. 
50. After the experiment is complete switch off the calorimeter heater and 
cool calorimeter to room temperature. 
51. Weigh the sample ceU with reduced catalyst. 
Safety 
1. Wear safety glasses, dust and mist respirator, gloves, lab coat and 
preferable a cap while working with glass wool. Please determine 
whether you are allergic to glass wool. 
2. Wear heat resistant gloves while handling hot furnaces. 
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Extreme caution should be exercised while raising the calorimeter block 
aroxmd the glass cells. If the glass cells break during set up 
IMMEDIATELY close valves NVl and B5. 
Wash your hands and face with plenty of soap and water once the setup 
is complete. 
Wash the lab coat after every setup as the coat traps glass wool 
particles and fibres. 
94 
V1 = Volume trapped by valves B2, 83, 84 and B5 
V2 = Volume between valves 84 and 86 
8 = Bellows Valve 
NV = Needle Valve 
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Pressure Gauges 
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FigiireA.l. Vol\iinetric system 
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